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Manganese-Titanium Steels show a low 
sensitivity in the weld notch test that 
is unusual for a high strength steel, This 
is clearly illustrated in the notch test 
comparison of manganese-titanium 
steel with manganese-vanadivm plate 
shown here. 


Mn-Ti Steels produce better structural 
and plate sections. A minimum yield 
strength of 50,000 psi. is consistently ob- 
tained with 4” sections. Greater econ- 
omy also may be obtained because of 
the low cost of total alloys in the steel. 


In addition to weldability, strength, and 
ductility, manganese-titanium steels 
resist abrasion and certain types of cor- 
rosion. Where cost is also a considera- 
tion, manganese-titanium steels have a 
decided advantage. 


You can get detailed information on 
the latest developments in manganese- 
titanium steel plus technical advice 
on TAM Metallurgical Alloys and their 
application through our sales office or 
field engineers. Writing today is your 
first step towards obtaining a source of 
authoritative information and assistance. 


TAM is a registered trademork 


TITANIUM ALLOY MFG. DIVISION a 


NATIONAL LEAD COMPANY 


and Sales Gttices: m BROADWAY, NEW YORK,N.Y. General Offices and Works: NIAGARA FALLS, 
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FISHER Unttized LABORATORY FURNITURE 
ty 
es The combination of custom built quality with Ready-Made units of Fisher Furniture 
- 
ey prefabricated convenience is found in each of are entirely prefabricated and carried 
AL the 18 pieces which comprise the Fisher | nitized in stock in four convenient warehouses, 
$c Furniture line. The use of Fisher Furniture al- ready for immediate shipment. 
4 
lows you to design your laboratory to meet your 
; own specific needs. Unitized Design is embodied in Fisher 
Furniture—complete your laboratory by 
a Unitized Furniture is immediately available merely placing the units in position and 
from stock in any Fisher or Fimer & Amend bolting them together. 


warchouse. Complete specifications and deserip- 
tions of all units are given in the new Fisher Versatility is one of the most valuable 


Unitized Furniture Catalog. Hf you are planning features of Fisher Unitized Furniture. 
im an installation or intend to remodel your labora- Design your own laboratory to meet 
+ tory. write for vour tree eopy ol this helpful your own specific needs. 


and informative publication 


Easy Installation reduces the cos! of 


/ Fisher Furniture. Any “handy-man” 
1 ie can follow the simple directions and 
quickly complete your assembly. 
ie Enduring Construction of 18 gauge or 
heavier steel, “Bonderized’ and _pro- 
<i tected with three coats of baked-on 


plastic insure the long life of Fisher 
Furniture 


Modern Design makes Fisher Unitized 
Furniture a credit to any laboratory. All 
steel parts are finished in lustrous me- 
tallic gray; working surfaces are black 
Kemrock. 


Economy is afforded the user of Fisher 
Unitized Furniture because of the sav 
ings in time and money made possible 
through quantity production 


Write for your free 
copy of this new 
and complete cata- 
log of Fisher Unit- 
ized Laboratory 
Furniture. 


Rs Headquarters for Laboratory Supplies 

; FISHER SCIENTIFIC Co. re: EIMER ano AMEND 

? Pittsburgh (19), Pa sreenwich and Morto Streets 
2109 St. Louis (3), Mo New York (14), New York 

Ltd. 9O% St. James Street, Montres!, Quebec 
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Stainless steel works miracles only when the right type is matched 
to the right application. Crucible, a pioneer in the development of 
stainless steels, offers the services of our unsurpassed metallurgical 
staff to help you make the right choice. 

And Crucible produces a complete range of sheet and strip in 
gauges, grades and finishes from !." to 60” inclusive, as well as 
all other forms: plates, bars, tubing, forgings, wire and castings to 
meet your specific requirements. Data sheets are available on 
request. CRUCIBLE STEEL COMPANY OF AMERICA, Chrysler 
Building, New York 17, New York. 


first name in special purpose steels 


hot and cold rolled STAINLESS SHEET AND STRIP 


STAINLESS HIGH SPEED « TOOL + ALLOY MACHINERY SPECIAL PURPOSE STEELS 
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BURRELL 
BOX ond MUFFLE- 
FURNACES 


a HIGH TEMPERATURE “UNIT-PACK- 
us AGE" ELECTRIC BOX and MUFFLE 
on FURNACES for melting, sintering, 
heat treating, ignitions, etc. 


Write for Bulletins 315 and 515. 


1942 FIFTH AVE 
PENNSYLVANIA 


HIGH TEMPERATURE “UNIT-PACK- 
AGE” ELECTRIC TUBE FURNACES 


for determination of carbon or sulfur 


by combustion and for experimental 
or production purposes. 


Write for bulletin 310. 


1942 FIFTH AVE 
PITTSOURGH 19 
PENNSYLVANIA 
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J. J. Green (p. 16F): born in Highspire, Pa., and at- 
tended Midland high school, graduating from Car- 
| negie Tech with B.S. degree. He now lives in Rosslyn 
} Farms, Carnegie, Pa. Was with Crucible Steel Co 
Midland Plant and is now Assistant Superintendent 
of Melting at the Universal Cyclops Steel Corp., 
| Bridgeville, Pa H. R. Hanley ‘p. 16G): born in 
Paxton, Ill. Went to Rice Collegiate Inst. and gradu- 
ated from Missouri School of Mines & Metallurgy 
with degrees of B.S.-Min. Eng.; Met. Eng., D. En- 
gineering (Hon.). Is a member of AIME and lives in 
Rolla Mo. Was connected with the Bully Hill Copper 
Mining & Smelting Co., U. S. Smelting Refining & 
Mining Co., and Consulting Engineer; extractive and 
refining metallurgy, secondary metals, galvanizing, 
for miscellaneous companies; was Prof. of Met. Eng 
Missouri School of Mines & Met. ‘now Emeritus). 
Mr. Hanley has previously presented fourteen AIME 
papers on Insoluble Anodes Electrolytic Zinc; Ad- 
herence of Zinc to Aluminum Cathode; Metallurgy 
of Zine; Misch. Papers on Furnaces, etc Sven 
Fornander ‘p. 22): born in Karlstad, Sweden, at- 
tending high school there and graduated from Royal 
Institute of Technology, Stockholm as Bergsingenior 
He is a member of AIME and lives in Surahammar 
Was formerly Assistant to Dr. G. Phragmen, Metal- 
lografiska Institutet, Melting Shop Manager and 
currently Research Manager Surahammars Bruks 
AB. Mr. Fornander’s chief recreation is trout fishing 
Folke Nilsson (p. 22): born in Nyed, Sweden, 
attending high school in Karlstad and graduating 
from Royal Technical University, Stockholm, with 
degree of Bergsingenior. He resides in Hagfors, Swe- 
den. Was for a time Metallurgist, becoming General 
Superintendent of Metallurgical Dept. and currently 
General Manager of Hagfors Steelworks, Uddeholm 
AB, Hagfors, Sweden. Enjoys fishing, golf, mountain 
climbing and skiing Samuel F. Carter (‘p. 30): 
born in Bessemer, Ala., went to high school there and 
received degrees of B.S. and MS. from Birmingham- 
Southern College and University of Wisconsin. He is 
a Junior Member of AIME and lives in Birmingham 
Mr. Carter has previously presented an AIME paper 
on Effect of Some Melting Variables on Tensile 
Properties. His major interests are hunting, fishing 
and tennis Rolland S. French (p. 53): born in 
Providence, R.1., attended Newton high school, grad- 
uating from M.LT. and Yale Univ. with BSc and 
M.Eng. Is a member of AIME and lives in Nichols, 
Conn Is Metallurgical Eng. in Research Dept 
Bridgeport Brass Co., and for some years instructor 
in Bridgeport Engineering Inst. Mr. French has 
previously presented a paper before the AIME on 
Grain Growth & Recryst. of 70-30 Cartridge Brass 
His chief recreations are color photography, singing 
and ‘tin his own words’! “matching wits with chil- 
dren, two boys and two girls—average success!" 
Herbert S. Kalish (p. 59): born New York City, at- 
tending Brooklyn Technical high school, graduating 
from Missouri School of Mines with B.S. degree also 
from Univ. of Pennsylvania, with M.S., B.S. in Met 
E. MS. in Met. E. degrees. Is a member of AIME 
and lives in Jamaica, N. Y. He was connected with 
the Gary Wks. of Carnegie-Illinois Steel Corp as Met 
Observer; Research Eng. at Battelle Memorial Inst.; 
Research Asst. Thermodynamics Lab, University of 
Penn., Research Met. Electric Storage Battery Co.., 
Senior Engineer Sylvania Electric Products, Inc., 
Bayside, N.Y. Mr. Kalish has previously presented 
an AIME paper on Low Temperature Properties of 
Tin and Tin-Lead Alloys. He enjoys outdoor sports 
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THE DENVER ZEPHYR’S corrugated root typical of all 
Budd-built Stainless Steel cars — after cleaning, still looks 
like new despite 13 years’ exposure to the elements 


Famous D= over Zephyr trains, 
after almost 13 years and 4% million 
miles of service, prove otherwise. 


TAKEN 13 YEARS APART. these photo- 
graphs show no signs of deterioration in 
the stainless steel side-frame sections 
which give the Denver Zephyrs light 
weight with ma.imum strength and safety. 


N daily operation since November 1936, 

the Burlington’s two Denver Zephyrs 
have whisked thousands of passengers 
safely and comfortably between Chicago 
and Denver at an average speed of more 
than a mile a minute. Not only are these 
sleek, stainless-steel speedsters among the 
most famous of the streamliners—but they 
are also popular with their owners . . . due 
primarily to the fact that stainless steel 
construction, by safely eliminating dead- 
weight, has helped to decrease operating 
costs. 

Even if these trains were now retired, 
that stainless steel construction would have 
more than paid for itself. But the Denver 
Zephyrs have been renovated and _ re- 
modeled and are ready for many more 
vears of operation. It is significant that 
during renovation all parts of the stainless 
steel frame construction, including roofs 
and tanks, showed no signs of deterioration, 
were practically as good as new, and re- 
quired no replacement. Certainly the Bur- 
lington Road must be convinced that it 
actually costs less to use Stainless Steel. 


AMERICAN STEEL & WIRE COMPANY, GENERAL OFFICES: CLEVELAND, OHIO 
CARNEGIE-ILLINOIS STEEL CORPORATION, PITTSBURGH & CHICAGO 


COLUMBIA STEEL COMPANY, SAN FRANCISCO 
TENNESSEE COAL, 


WATIONAL TUBE COMPANY, PITTSBURGH 


IRON & RAILROAD COMPANY, BIRMINGHAM 


UNITED STATES STEEL SUPPLY COMPANY, WAREHOUSE DISTRIBUTORS, COAST-TO-COAST 
UNITED STATES STEEL EXPORT COMPANY, NEW YORK 


U-S°S STAINLESS STEEL 


SHEETS - STRIP PLATES BARS BILLETS 
PIPE TUBES - WIRE 


SPECIAL SECTIONS 


he superior physical properties of Stain- 
less Steel that have paid off so handsomely 
in the Zephyr trains make U-S-S Stain- 
less equally profitable for innumerable com- 
mercial and industrial applications. In 
trucks and trailers. In buses and airplanes. 
In appliances and equipment for the res- 
taurant, the hospital, and the home. In 
refinery and chemical processing equip- 
ment of all kinds 

In fact, for every product that must 
combine light weight with superior strength 

. that must resist corrosive attack .. . 
that must stand up under extremes of heat 
or cold .. . or that is subjected to severe 
wear, abrasion, or abuse — nothing equals 
Stainless Steel, nor in the long run costs so 
little to use. And wherever good looks are 
a requirement, Stainless Steel stands in a 
class apart because its beauty ts everlasting. 

We welcome the opportunity to show 
you where U-S-S Stainless Steel can be ap- 
plied to your product to improve its ap- 
pearance, durability, and operating eth- 
ciency, and—more often than you may ex- 


t well 


pect—to reduce its cost as we 


United States Steel Corporation Subsidiaries 
Room 2061 Carnegie Bldg, Pittsburgh 30, Pa 


Please send me the new book, “An Intro- 


duction to Stainless Steel 
Please have a Stainless representative call 
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SMEETH-HARWOOD COMPANY 


2401-09 West Cermok Rood, Chicago 8, Illinois 


Superior Blast Furnace Copper Castings Exclusively 
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photography M. H. 
born in Java, at- 
tended high schools at Socrabaia 


and 
Caron ‘p. 67 


and Semarang, Java, graduating 
from Technical University, Delft 
Holland, with degree of Mining 
Engineer. Is a member of AIME 
and lives mn Ryswyvk ‘Z-H? 
Molenlaan Netherlands. Was 
in employ of the N.EL., Bureau 
of Mines, for some years as Chief 
Engineer; elected as full pro 
Metallurgy at Delft 

Bruno B. A. Luz- 


fessor ofl 
Holland 

zatto ‘p. 105 born in Trieste 
Italy attended Liceo ‘lassi 
Marco Polo in Venice, Italy and 
graduated from the Engi 
School of Univ. of Milano 

with Ph.D. degree. Is 

of AIME and 

ington Was 

ager of A 

(Montecatini 

in France as manager of 

rodes factory for Alais, Frog 
Camargue, Consulting En 

ing work for the Elektrokemi 


neering 


Italy 
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B. Luzratto 


of Oslo, Norway. Board of Eco- 


nomic Warfare and Foreign Eco- 
nomic Administration in Wash- 
ington, D.C., Chief industrial 
rehabilitation in Italy for UN- 
RRA. Now with Economic Co- 
operation Administration, Wash- 
ington, D.C. His major interests 
are tennis, tinkering, and , 

economics Chih-Chung 
Wang ‘p. 136): born in Wusih, 
Kiangsu, China. Attended Nan- 
kai Middle School, Chungking, 
China, and graduated from 
Tangshan Eng. College of Chaio- 
Tung University, China, with 
BS. in Mining & Met. Eng. Isa 
Student Associate AIME and 
lives in Chicago. Is now Teach- 
ing Asst. in the Dept. of Metal- 
lurgical Eng. at Illinois Inst. of 
Tech. and is working for MS 
degree. Mr. Wang's chief inter- 
ests are photography, music and 
traveling P. W. Ramsey ‘p 
139): born in Wilkinsburg, Pa.., 
and attended high school there 
Graduated from W & J. College 
and Carnegie Tech with BS.- 
Met. Eng. degre... Is a member 
of AIME and lives in Palmerton, 
Pa. Served in the U. S. Navy 


(Destroyers! for two years and is 
now 

for N 
previously 
AIME 
Titanium 
chief 


Metallurgical Investigator 
J. Zine Co. Mr. Ramsey 
presented an 
Rolled Zinc- 
Alloys as co-author 
recreation is deer- 
hunting in the Poconos and the 
activities of the Choral and 
Clambake Society of Lower 
Towamensing along with sev- 
eral other AIME members 

G. L. Werley ‘p. 139 born in 
New Tripoli, Pa., attended high 
school in Palmerton, Pa. and 
graduated from Pennsylvania 
State College with degree of 
B.S. He lives in Palmerton, and 
is associated with the New Jersey 
Zine Co. Mr. Werley has pre- 
viously presented papers before 
various technical societies. He 
enjoys golf and is a stamp col- 
lector B. L. Averbach ‘p 
150): born in Rochester, N.Y 
went to Benjamin Franklin high 
school and Rensselaer Polytech- 
nic Inst. receiving degree of M 
Met. Eng., and Sc.D. degree from 
MI.T. Is a member of AIME 
and lives in Cambridge, Mass 
Was Chief Metallurgist at U.S 
Radiator Corp.: Metallurgist at 
General Electric Co., Schenec- 
tadvy and currently Asst. Prof 
Dept. of Met.. M.I.T. Mr. Aver- 
bach has previously presented 
papers on retained austenite, re- 
crystallization. His chief activi- 
squash racquets, base- 
ball, golf A. R. Elsea ‘p. 154) 
born in Columbus, Ohio, at- 
tended high schools in Columbus 
and Joliet, Ill. and graduated 
from Ohio State University with 
degree of B. Met. Engr. Is a mem- 
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You can make them better with 
COLD-FINISHED 


The original 
Free Machining Cold-Finished 
OPEN HEARTH STEEL 


machinability 
. heat treating 
‘properties 
... high cold-drawn- 
physical properties 


% Available in a range of grades to suit a wide 
variety of applications. 

% Supplied as cold-drawn or cold-drawn-with- 
metellurgical-processing, which includes special 
tempering. 


Typical Jalease analyses are found in the A.LS.L. 1100 
series. The usual manganese content 1s 1.000) to 1.65°;. 
J&L, as the originator of these grades, can give you the 
benefit of vears of know-how in the making of steel and the 
application of Jalcase to your particular requirements. 

Some part you are now making can be made better 
from Jalease with savings in money and time. Write 
us for a copy of “You Can Make Them Better With mes & Laughlin Steel Corporation 
nes & Laughhn Building 


Cold-F inished Jalcase.”” 5 Jone 
sttsburgh lvania 


‘lease send me a copy of vour box 
“You Can Make Them Bert 
Cold-Finished Jalcase 


JALCASE STEEL IS QUALITY CONTROLLED FROM 
OUR OWN MINES THROUGH THE FINISHED PRODUCT. 


JONES & LAUGHLIN STEEL CORPORATION 


+ yl own raw materials, PRINCIPAL PRODUCTS: HOT ROLLED AND COLD FINISHED 
BARS AND SHAPES STRUCTURAL SHAPES HOT AND COLD 
certain troducts in oriscoroy ROLLED STRIP AND SHEETS » TUBULAR, WIRE AND TIN MILL 
and JALLOY (ht-tensile steels). PRODUCTS “*PRECISIONBILT’’ WIRE ROPE COAL CHEMICALS 
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ber of AIME and makes his home in Columbus, Ohio. 
Was Research Engineer for some time and cur- 
rently Asst. Supervisor at Battelle Memorial Institute. 
Mr. Elsea has previously presented AIME papers as 
co-author on Cobalt Chromium Binary System and cS ef 4 
‘ 


on Investigation of Temper Brittleness in Low Alloy F 
Steels. His chief recreations are camping, fishing, = 
gardening and photography. ... A. E. Nehrenberg = al 
(p. 162); born in Draper, S. Dak., attended Rapid City 
high school and graduated from S. Dak. School of ~~ 
Mines, Rapid City, S. D. with BS. degree. Also 
studied at Armour Inst. and was a night school 
student at Columbia Univ. Is a member of AIME 
and lives in Bloomfield, N. J. Worked as Met. Observer A. E. Nehrenberg 
and Asst. Met. at Carnegie-Illinois Steel Corp., S 
Chicago. Metallurgist in Charge at Amertop, Forest 
Park, Ill., Naval Ordnance Plant. Enjoys bowling, golf and contract 
bridge H. A. Lepper, Jr., (p. 175): born in Washington, D. C. and 
attended McKinley high school 
there, graduating with degrees of 
BS. in C.E. from George Washing- 
PROFESSIONAL SERVICES ton Univ.. MS. at University of 
to Illinois, Dr Eng at Yale Univ. Was 
panies that have at least one AIME for a time Graduate Assistant, Re- 
member on their staffs. Rates $40 per inforced Concrete Slab Investiga- 
year per inch. tion, at Univ. Illinois and now In- 
structor, Asst. Professor in Civil 
Engineering Dept. at Yale. Mr 
Lepper’s home is in Hamden. Conn 
_R. W. Fenn, Jr. (p. 175) born in 
ancgegans Torrington, Conn., attended Crosby 
METALLURGISTS high school in Waterbury, Conn., 
CONSULTANTS graduating from Rensselaer Poly- 
Smet Sebs Welcomed technic Inst with B. in Met Eng 
degree, Yale University, M-Eng., D.- 
SAM TOUR & CO., INC. Eng. Is a Student Associate mem- 
Laboratories and offices ber of AIME and lives in Midland, 
44 Trinity Place Mich. Was for some time Asst 
New York 6, N. Y. Metallurgist at General Elec. Co., ° ° 
Lynn, Mass. and currently Research The Design Engineer 
Deal With Confidence Metallurgist at Dow Chemical Co., a 
Magnesium Division. Mr. Fenn is can improve 
interested in woodworking, tennis, 
volley ball and skiing. . . . Paul Gor- service life 
don (p. 182): born in Hartford, 

Cc. L. MANTELL Conn., to that Ingenious design, based 
city, and graduated from Wesleyan 

' ee BS., MS. and Sc.D. in Metallurgy imposed stresses anc their 
Electrochemical Processes Is a member of AIME and lives in proper control, can in- 
451 Washington Street Chicago. Was Research Asst., Dept 

New York 13, N. Y. of Metallurgy, M.1.T.; Group Leader re the life of machinery. 
Phys. Met. Research, M.1.T. Metal- A 72 page booklet, free 
lurgical Project for the Manhattan upon request, discusses the 
MAX STERN Project and AEC: Research Asso- relation between design, 
ciate, Dept. of Met., M.I.T., and is , hs 
at the present time Asst. Prof. Dept the choice of steel, and its 
Expert for Scrap Recovery and Shipwrecking of Met.Eng., Illinois Inst. of Tech- treatment. Send for it. 
— Medernization of Mente end Verds for nology, Chicago. Mr. Gordon's chief 


recreation is contract bridge Climax Molybdenum Company 
150 BROADWAY NEW YORK 7, N. Y. A. R. Kaufmann (p. 182); born in 
Philadelphia, went to Cheltenham 500 Fifth Avenue - New York City 
high school in Elkins Park, Pa. and Ge pe pas 
LEWIS B. LINDEMUTH received B.Sc. degree from Lafay- a 
di ette Univ. and Sc.D. in Met. from good steel 
M.I1.T. Mr. Kaufmann is a member 
beds of AIME and lives in Lexington, 
Mass. He is now an Associate Pro- 
fessor of Metallurgy at M1.T. His Please send your jm 
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Positions Open 


Metallurgists, two, 23-35 yr. BS. in metallurgy or 
mining; some practical experience necessary for one 
of them. In lieu of experience, a graduate who spe- 
cialized in ore-dressing problems would be acceptable 
for one of the jobs. Duties will be to conduct ore- 
dressing investigations ‘mainly flotation tests and 
microscopic examinations’ in the research labora- 
tories and supervising special tests in the concentra- 
tors. Must be single. Salaries, $2700-$3900 a year 
Location, South America. Y-798 


Plant Engineer, graduate preferred, with some ex- 
perience in furnace design, as well as mechanical 
design. Knowledge of metallurgy helpful, but not 
necessary. Will design equipment including furnaces, 
mechanical devices, simple facilities for the handling 
of parts in and out of furnaces, etc. Will supervise 
the construction and maintenance of equipment 
Salary dependent upon qualifications Location, 
Pennsylvania. Y-2494 


Production Control Manager, particularly experi- 
enced in inventory control and purchasing of screw 
machine and metal parts. Should be capable of de- 
veloping new vendors as company purchases consid- 
erable quantities of fabricated metals. Salary to 
$6500 a year. Location, northern N. J. Y-2844(b) 


Steel Metallurgist, preferred age 35, graduate, metal- 
lurgist with solid experience and proven ability in 
industrial research, for responsible position steel sec- 
tion of research laboratory of large corporation 
Location, northern New Jersey. Y-2854 


Superintendent, preferably metallurgical or me- 
chanical engineering graduate, for small non-ferrous 
foundry. Will be responsible for the foundry, machine 
shop, finishing department, etc.. and should have 
some successful experience in labor-management ne- 

Salary to $6000 a year. Location, New 
Y-2855 


gotiations 
England 


metallurgical laboratory 
experience but will 


Junior Metallurgist for 
Prefer man who has had some 


consider recent graduate. Will be trained in mill 
processes and development work. Salary, $2912 a 
year, with an automatic increase in 90 days. Loca- 


tion, Connecticut. Y-2862 

Assistant Chief Engineer, 40-55 vr. Must be gradu- 
ate, and have at least ten to fifteen years’ experience 
in the smelting and refining of metal ores. Should 
have extensive background in plant improvement 
and expansion, material handling, furnace design 
and plant service facilities. Will act as a consultant 
on new construction layouts and cost estimates 
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Salary, $10,000-$12,000 a year. Location, Pennsyl- 
vania. Y-3023 
Metallurgist, about 35, for aluminum research 


Must have metallographic background and knowledge 
of casting and all working practices of aluminum 
Salary open. Location, New York, N. Y. Y-3026 


Assistant Electrical Superintendent for copper mine 
in Chile, S.A. Y-3066 


Metallurgist, young, graduate, 6-7 years’ experience 
with light-metal fabrications ‘aluminum and mag- 
familiar with specifications, properties and 
processes. Should have background in shop 
Will survey applications of light-metal 
Salary $5000-$6000. Chi- 


nesium)}, 
shop 
fabrication 
alloy to rolling structures 
cago area 


R-6070 


Salesman with metallurgical background and some 
experience in application of cold-finished carbon and 
alloy steels in such fields as automobile frames, 
washing machines, machine tools, radio, road equip- 
ment, etc.; must be informed about usage and ap- 
plications. Will work with sales department and 
provide technical assistance to clients. Salary $500 
Traveling in Midwest. (A) Sales Engineer, graduate, 
chemical, metallurgical or mechanical engineer. Sub- 
stantial and high level sales experience contacting 
large organizations in promoting sales or cold fin- 
ished carbon and alloy steels for a variety of applica- 
tions; knowledge of applications and acquaintance- 
ship in this field important. Salary open. (B). R-6115 


Men Available 


Metallurgical Engineer, B. Eng., MS., R. P. E. Over 
20 years’ development, administrative experience in 
foundry, forge, heat-treat, laboratory. Thoroughly 
familiar all phases automotive work, corrosion, pow- 
der metallurgy, special-service alloys, jet engine and 
gas turbine problems. Strong mechanical engineer- 
ing influence. Customer contacts. Desires position 
executive engineer, director of research, chief metal- 
lurgist. M-495 


Metallurgical Trainee, young, able, very willing to 
learn. Received degree B.Met. E. in June 1949, from 
Polytechnic Institute of Brooklyn. Very interested 
in a training program where I could gain all-around 
knowledge with a final view to being placed in pro- 
duction work. Location immaterial. M-496 


Materials-Metallurgical Engineer, 12 years’ diver- 
sified experience: steel plant, aircraft, teaching, 
atomic energy; embracing metallography, metallur- 
gical laboratory techniques, trouble shooting, failure 
investigations; material application, specification and 
fabrication; coordination and liaison literature re- 
search, abstracting and writing technical reports 
Desires combination administrative and _ technical 
position. Location immaterial. Single. Will travel 
extensively. M-498 


Physical Metallurgist, Ph.D. February 1950. Thor- 
ough metallurgical education and several years’ re- 
search experience. Last two years spent on study of 
fluidity of molten metals. Good reading knowledge 
French and German. Desires position research, de- 
velopment or teaching with opportunity to do re- 
search. Age 26, married, willing to locate anywhere 
M-500 
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the latest modern innovations in LABORATORY 
Metaliuegical Laboratory Equipment 

compiled | by 


BUEHLER LTD. 3 
‘America’ s most popular authority 
on Precision Built Instruments for — 
the most exacting motatturgist: 


ILLUSTRATIONS of desighs 
of Meta allurgical Laboratory 
Equipment and Relotive: 
Accessories. 
COMPREHENSIVE SPECICATION of all 
illustrated equipment. 
SAMPLES of Polishing ‘Cloths ond 
Abrasives. 
available equipment for every 
[metallurgical testing requi ement. 
Don't miss edediying. 
ative folders! | 
Fill in and mail coupon below ond 
your folders will r 


BUEHLER LTD. 165 w. wacker rive + CHICAGO 1, ILLINOIS 
Please send the following folders . . . 
[) Polishing Cloths and Abrasives [] Electro Polisher 
(] Test Specimens and Microscopes [| Polishing Machines 
Surfacers and Grinders Cut-Off Machines 
[) Diamet Hyprez (] Fine Grinding Machines 
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You Can Save 


TIME... MONEY... TROUBLE 


with 


castings and those of plain carbon steel... 


The unmatched combination of properties avail- 
able in nickel alloy steels, cast to shape, assures 
superior performance greater dependability and 


lower ultimate cost. 


MEET EXACTING REQUIREMENTS 


Engineering requirements often call for castings 
with properties that are attainable only by heat treat- 
ment. Since castings are generally complex shapes 
and frequently vary in section thickness, simple nor- 
malizing treatments are often practiced. When 
quenching and tempering are necessary, substantial 
economies can result from using steels that ade- 


quately resist the tendency to warp and crack. 


RESPONSE TO HEAT TREATMENT 


Cast nickel alloy steels provide basic advantages 
for fabricator and user, alike. Well beyond the reach 
of carbon steels are the combinations of strength or 
hardness and toughness which can be obtained in 
nickel steel castings by simple normalizing. Their 
response to mild quenching avoids distortion and 
cracking, thus permitting the attainment of high 
strength with adequate ductility in large, cumber- 
some sections. This simply can't be done with 


carbon steels. 


CONTROLLED IMPROVEMENT 


Nickel additions permit controlled improvement of 


desired properties in steel. Such control has resulted 


THE INTERNATIONAL NICKEL 
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CAST NICKEL ALLOY STEEL 


A fundamental difference exists between alloy steel 


locomotives since the early part of this century. 
High toughness ... and strength along with ductility 


... are primary requisites in railroad service. Sig- 
nificantly, railroads now are the largest tonnage 
users of nickel alloy steel castings. 


ADVANTAGES OFFERED 


Extensive use in oil production, hydroelectric 
plants, steel rolling and forging, mining, milling, 
smelting and other heavy industries indicates grow- 
ing recognition of the following advantages offered 
by alloy over plain carbon steel castings: 


@ Stronger . . . higher yield strength 
@ Less bulk and deadweight 

@ Harder . . . more wear resistant 
@ Better response to heat treatment 
@ Greater shock-resistance 

@ Greater fatigue strength 


@ Less embrittlement at sub-zero 
temperatures 


INFORMATION AVAILABLE 


May we send you a copy of “Nickel Alloy Steel 
Castings in Industry”. This edition, containing in- 
formation for users, fabricators, engineers, design- 
ers and others, is yours for the asking. Write for 
it today. 


67 WALL STREET 
NEW YORK 5, 


COMPANY, INC. 


in use of cast nickel steels in main frames for steam 
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* With reladling a much closer control of electric furnace steel analyses is possible 
according to J. J. Green (p. 16F). It is also possible to melt to relatively narrow 
aims within any given specification. 


* Automatic current settings for arc-furnace operation result in great savings, accord- 
ing to L. A. Wynd (p. 17), who gives a detailed report on results in the Republic plant. 


* Inductive stirring, a new Swedish device for arc furnaces, is described on p. 22.The 
relations between this equipment and the melting-down period, power consumption, oxidiz- 
ing period and slag removal are dealt with in detail. 


* Quantitative hydrogen analyses of electric arc-furnece carbon steels with varied 
melting practices are given by Sam F. Carter (p. 30). 

* The U. S. Steel Corp. has a seventeen-man mission of experts in Pakistan making a 
study of the country's industrial potential. In steel, a godest ; rolling mill is 
planned. Mr. E. E. Robbins, the Corporation's Far East regional director, heads the 
mission which is the outgrowth of conversations last August between Mr. Fairless and 
Mr. Ghulam Mohammed, the Pakistani Finance Minister. Corporation willingness to help 
Pakistan has already had a great influence in improving political relations with that 
country. 


* The commercial treaty recently signed between the U. S. and Uruguay is regarded as a 

model for others under President Truman's famous Fourth Point. American investors are 
assured the very maximum of protection and the terms are reciprocal in that Urugueayen 
business men are accorded the same set of rights in the U. S. if they wish to make use 
of them. 


The Uruguayan agreement is called a Treaty of Friendship, Economic Development and 
Commerce. A similar agreement is in prospect with India. 


* american steel exports to Canada are facing difficulties. Britain is stepping up 
deliveries and Germany has just sent an energetic trade mission to capture a share of 
the Canadian market. If Germany were to replace 5 pet of American steel exports to 
Canade it would represent $30 million annually, which would buy a lot of Canadian 


grains. 
* The Hopkins electric hot-top process which had its triel runs at Allegheny-Ludlum's 


Watervliet plant, is now being installed by three other companies--Eastern Stainless, 
Braeburn and Universal-Cyclops. Better ingot yields is the objective. 


* Several alloy producers also report excellent increases in ingot yields by using 
"Thermatomic" compounds (Pittsburgh Metals Purifying Co.). 


* The most detailed data ever published on the process developed for handling nickel 
and cobalt ores (Nicaro, Cuba) are presented by M. H. Caron (p. 67). 


* Greater efficiency in the extraction of aluminum from alumina is obtained by using 
improved self-baking electrodes as a substitute for multiple prebaked electrodes as 6 
substitute for multiple prebaked electrodes or also the conventional self-baking 
electrodes now in use (p. 105). 


* New data on plastic deformation in the rolling process have been developed by 
B. L. Averbach (p. 150). The distribution of principal strains was determined by 
radiographing ea lead grid embedded in a cast tin ber. 
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Published by Electro Metallurgical Division, Union Carbide and Carbon Corporation, 30 East 42nd Street. 
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Dr. Schmidt 


A TAPE RECORDED INTERVIEW 


1950 


Ed. Note: Dr. Emerson P. Schmidt has for many 
years been the Director of Economic Research 
for the Chamber of Commerce of the United 
States, Washington. He has an admirable record 
of economic analyses and forecasts proven ac- 
curate by subsequent developments. 


Q: I remember particularly, Dr. Schmidt, your 
publication ... before the end of the war project- 
ing postwar economic developments. 
A: Well ... that’s kind of you... 
people have remembered that. 

Q: Looking back now, was there anything you 
missed ... were you off the beam in anything... 
in your own opinion? 

A: Well, I think that I did not forecast the height 
and the duration of the prosperity although I 
thought we were certainly going to have some 
very prosperous times ... so that in a sense I 
underestimated the strength of our economy. I 
guess none of us really expected that we would 
have as much reconstructing in productive fa- 
cilities of the rest of the planet as has actually 
taken place and providing relief to the foreigner. 
Q: Well, most people thought prosperity would 
taper off it looked as if almost anything 
could happen! In general, what do you think 
1950 will bring? 

A: Well, if you look at the stock market it looks 
pretty good ... the stock market has been known 
to be wrong so we ought to look a little further. 
My own general feeling is that 1950 will be a 
pretty good year although not quite as prosperous 
as 1949 .. . certainly not as good as 1948 which 
was the best in the country’s history. 

Q: Do you think unemployment may reach 4 mil- 
lion in 1950? 

A: I certainly wouldn't be surprised if it did... 
but still that would be only fairly moderate un- 
employment considering the volume of people 
who are changing jobs and the constant flow of 
new entrants into the labor market. 

Q: Jobs will be harder to get, eh? 

A: Yes, they will and harder to keep, too. 

Q: How about taxes—higher or lower? 

A: Only a confirmed optimist would look for 
them to be lower ... state and local taxes... 
although not in all states and communities .. . 
may on the average be a little higher. I think 
Federal taxes will stay about the way they are 
except that possibly the wartime excise taxes 


not many 


may be repealed, as they ought to be, because 
there is no justification for penalizing certain 
types of goods. 

Q: As, for instance, the pocketbooks the women 
are always complaining about! 

A: Yes, that’s a good example of unjustified 
penalization. 

Q: What about the budget 
will remain unbalanced? 
A: Everything certainly points in that direction! 
The estimated deficit is around $5 billion for fis- 
cal 1950 and I would be surprised if it were in 
balance during 1950... I think this Congress will 
look at expenditures a little more critically than 
it did in 1949 but living comes high these days 
and everyone has his hand out... it'll be tough 
going. 

Q: Do you ever expect in your lifetime to see any 
period when the budget is in balance? I mean 
actually is, without financial tricks and sleight- 
of-hand? 

A: Well, if the American people continue to make 
as heavy demands on the government, and if the 
politicians think they can get elected by catering 
to special interests, I'm afraid that the chances 
for balancing the budget are remote. Maybe we'll 
be lucky to balance the budget once in five years! 
Q: If the past 20 yr is any indication we're not 
likely to do even that well! 

A: Oh well, let’s try to be optimistic about it 

a balanced budget today has lots of friends in 
theory . everyone wants someone else to get it 
in balance. 

Q: Somebody has to pay for the welfare state, 
eh? 

A: The New Zealanders and the Australians, I 
think, expressed their opinion on that during 
the last couple of weeks. 

Q: How will we handle the welfare state? 

A: For the time being it looks like inflation .. . 
it appears painiess that way 

Q: I notice some pension victories, in steel, for 
instance, have been followed by price increases. 
Is that something that would inevitably follow? 
A: Yes. We have a lot of misinformation on the 
nature of prices and costs and profits ... any in- 
crease in costs that goes across the board. . 
across the whole industry is certain to find 
its way not only into the cost structure of that 
industry but the price structure as well. 

Q: Will recent pension victories result in greater 
pressure on Federal Social Security payments? 


... do you think it 
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A: Well, yes. The House has already adopted 
HR 6000 which will lift government pensions by 
about 70 pet. It is almost certain that the Senate 
will do something similar. But the Chamber of 
Commerce and most business groups .. . most 
businessmen have favored some correction in this 
prewar benefit formula . and favored extension 
of coverage so that all groups will have minimum 
protection from the government system. 
Q: In interviews a month or so ago with the steel 
strikers, all seemed to prefer government protec- 
tion to company protection because they are 
rather fearful of change of job or company bank- 
ruptcy, and all recognize that sometimes they 
might be frozen to a job unnecessarily by a com- 
pany pension 
A: Well, yes. That's one of the evils of these pri- 
vate pension schemes although there is much to 
be said for them. But I remember Justice Bran- 
deis one time calling these pension schemes “the 
new industrial peonage” and I often wonder 
what he would be saying now if he saw these 
Union administrators pushing these compensa- 
tion and welfare schemes .. . I imagine that 
workers are pretty beholden to labor leaders 
otherwise they may be cut off I think that 
most of the workers feel they are to some extent 
the prisoners of the Union leaders. It is a serious 
matter for them 
Q: When looking far ahead some economists 
not you--have made some important announce- 
ments, Sumner Slichter, for instance, as far 
ahead as 1980. He says in 1980 the workers may 
well work only a 30-hr week and have twice the 
standard of living as in 1949. What do you think 
of that? 
A: Well, we have made our own analysis of 
trends and if you project the trends of the last 
60 yr into the next 30 yr, that is, up to 1980, 
wages will be $5 an hr and the gross national 
product will be up around $900 billion. It won't 
be quite as good a dollar as we have now... but 
certainly growth factors in our economy are 
strong and the inflation pressures over the long 
pull are pretty potent. One of the most serious 
factors, however, which I think Professor Slichter 
and other people have not taken into account, is 
*he failure of productivity to rise. The output has 
not risen during the past few years as it did in 
the prewar period. Our studies indicate that per- 
haps instead of the normal 2!',4 pct rise in produc- 
tivity per manhour per year, compounded, the 
figure is nearer 1 pet and if this trend con- 
tinues then this brave new world we are hoping 
for is somewhat less certain we are going to 
have to work to produce this brave new world 
or a lot of people will find it neither brave 
nor new! 
Q: Technical men take a very dim view of. éxtra- 
polating curves there may be too much calm 
assumption that we will always have a steady 
increase in productivity curves sometimes 
have a habit of leveling off 
A: Yes, or even reversing themselves we must 
not believe—-or blindly believe—that a rise in 
productivity will inevitably come. It will come 
only if we do the right thing, which in my book 
means plenty of research, development of new 
techniques and products, good discipline on the 
job, no undue amount of absenteeism on the job 
and management and labor must work as a 


team. If we do that, then, and only then, can the 
expectations of Profes 
realized 


sor Slichter and others be 
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Q: As he said ... we might expect two cars in 
every garage. Maybe some people won't want 
two cars—or two television sets! 
A: Well, you know what the communist said to 
his comrade who remarked he didn’t like caviar 
. “after the revolution he would eat it whether 
or no.” Anyhow those two cars will present quite 
a traffic problem or maybe they won't if 
everyone is inside looking at their two television 
sets. 
Q: Maybe one of the television sets will be in one 
of the cars! 
A: That'll be the day ... it'll be a real test of 
bravery in the brave new world! 
Q: Maybe everyone will have two psychoses. . 
two nervous breakdowns, too! 
A: Why not? 
Q: How about war and the cold war? 
A: We have got to do some fundamental think- 
ing, I believe, on that score. It is quite probable 
we will be in a state of semi-war, or cold war... 
or even actual combat. My own viewpoint has 
been that the likelihood of a Third World War 
in the near-term future is not too great, partly 
because the Soviet Union is getting pretty much 
what it wants through our own default, and the 
failure of an adequate high policy. So, as long 
as the Soviet Union is getting largely what it 
wants and fears no threat from outside, why 
should it go to war? If more Titos develop, as we 
all hope, then they might in desperation strike 
out somewhere and that might precipitate a 
Third World War. But it seems to me that from 
now on we will be in a state of semi-war econ- 
omy ...and hoping we can keep it to a minimum 
so we won't have elaborate controls and govern- 
ment directives of the economy .. . because they 
will do more harm than good. 
Q: To return to the domestic economy ... do 
you think the government, irespective of its be- 
ing a Republican or Democratic administration, 
would tolerate for long, say six milion unem- 
ployed? 
A: No, I don't think they would I think any 
government would feel the pressures and do 
something about it. Whether they would actu- 
ally solve the problem or simply patch up some 
spots is difficult to say. It would certainly mean 
more deficit spending and probably mean ex- 
panded public works a lot of noise and a lot 
of make-believe and might even put some 
people back to work. 
Q: As regards the farmer. How long do you think 
this astounding accumulation of farm products 
can last without something cracking some place? 
A: Well, our population is steadily expanding and 
our agricultural acreage is, after all, limited 
so over the long pull I think American farmers 
are going to be reasonably prosperous. But if we 
have an artificial support of prices and the gov- 
ernment standing ready to purchase any surplus 
I think it’s going to be rather fatal and if we 
must have a farm program I think the type of 
program which the 80th Congress developed—a 
flexible support program under which the support 
would decline when the surpluses increase there- 
by giving the farmer an incentive to divert his 
energies to other farm products—is the sensible 
type of approach. But Mr. Brannan, who is try- 
ing to make political hay, has got another 
scheme as a matter of fact he says his plan 
will mean for him either a palace or the back- 
house! 
Q: Which do you think it will be? 
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A: So far it looks more like the backhouse . 
but you can never tell about these things that 
promise something to everyone with no pain 

Q: Is it possible that today certain industries, 
certain older industries, have management that 
has lost some of its adventurous spirit and drive? 
A: Well, I don’t know as I could identify any 
cases, but it certainly would not be surprising if 
that were true. With the kind of market econ- 
omy that we have, with consumers constantly 
being offered alternatives and substitutes, any 
industry that rests on its oars is likely to be liqui- 
dated pretty darn soon. Recently we submitted 
some testimony to the Celler Monopoly Investi- 
gating Committee . We gave quite a portrayal 
of how the invention of substitutes is the greatest 
single powerful force to prevent monopoly and 
Stagnation . . and in our search we couldn't 
find an industry that is really stagnant. 

Q: I would think perhaps that the railroad in- 
dustry seemingly is slowly working progressively 
toward a crisis of some sort. 

A: Well, there you have a special problem 

you have got substitute methods of transport 
that are making the railroads in part obsolete 
In addition you have very aggressive, militant. 
powerful unions. With a good deal of upward 
pressure on wage costs and a growing tendency 
to featherbedding that means the wage dollar 
is buying less service except as it is offset by 
greater investment in large locomotives, larger 
cars and faster trains. So it is a difficult situa- 
tion .. . but I think the competitive pressures 
on the railroads will force them to adopt techni- 
ques in order to survive. Years ago I think the 
railroads were stagnating a great deal more than 
they are today. 

@: Do you expect there’s going to be any great 
action on President Truman's “Fourth Point” re- 
garding greater investment abroad on the part 
of American industry? 

A: Well, the primary investment or the pre- 
dominant type of investment in recent years 
has been for the development of oil resources 
and insofar as the American people will need 
foreign produced commodities certainly 
some American dollars will go out and try to 
create the physical capital to produce those 
commodities but I don’t look for any great 
flood of export capital from this country. You 
can’t expect widows or orphans .. or even a 
Wall St. banker to send dollars to a foreign 
country unless that country has a reasonably 
stable government and constitutional guarantees, 
and some prospect for converting local currency 
back into dollars. Such situations do not prevail 
on too wide a front. So I don't look for too much 
from Point Four 

Q: To sum up the year 1950 again it looks 
like a reasonably prosperous year to you? 

A: Well, the first half unless something un- 
usual shows up ‘ is almost assuredly to be 
satisfactory. We have had the biggest housing 
starts in history for this time of year, beating all 
records, and much of these starts will carry 
over into 1950 and government construction, 
government building will offset the decline, at 
least in part, in plant and equipment investment 
We have got the soldiers’ insurance payments 
coming along in the first part and there are a lot 
of other factors of strength we have actually 
created a backlog of demand due to the strikes 
in steel and coal, and while they have destroyed 
some income by virtue of close-downs, part of 


“.... The yearly increment in productivity is nearer 
1 pet, not 2'» pet as generally quoted.” 


the backlogs will carry over into 1950. We have 
a very considerable backlog of coal stockpiles to 
fill up... and there will be some inventory ac- 
cumulation in the first half so that business 
should be quite good 
Q: In general, it will be happy 1950, eh? 
A: Yes, although the last half is not so certain 
as a matter of fact it might end on a less opti- 
mistic note than 1949 is ending 
Q: Just one more question I notice in Britain 
a great deal of attention is being paid to the 
Rignano plan a system to get more revenue 
whereby a person cannot bequeath anything be- 
yond the immediate first generation—his wife 
und children—and from there on the residue re- 
verts to the State. Eventually in our search to 
support some of the economic luxuries . do you 
think we may eventually end by considering the 
same thing? 
A: It wouldn't be too surprising. For what hap- 
pens in Britain tends to happen in this country 
a decade or two later. But perhaps when 
Britain makes a flop of their socialistic experi 
ment we will learn a lesson and recognize the 
dangers of drying up the sources of know-how 
and venture capital, and investment, and ability 
.. it is always well to remember that dollars fre- 
quently go with ability. Take the dollars 
you destroy ability. If we go in that direction I 
think we will have a more slowly rising standard 
of living than what we otherwise have, and I 
hope the American people are smart enough not 
to import any ideologies and practices of deca- 
dent Europe 
Q: Well, happy 1950 to you 
A: Happy 1950 to you too 
of AIME! 


and all the members 
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It's Everyone's B 


| EC. 20——The spirit of Christmas and good will 

toward men has managed a few brief ap- 
pearances on the front pages welcome relief 
from man’s usual ill-will toward man. A couple 
politicos did their best to brighten the scene by 
well-publicized romances. There was a general 
exodus to Florida to patch up nervous systems 
and even the UNO quieted down as Mr. Vyshinsky 
departed for home via Eastern Germany Before 
going he opened up a preliminary bombardment 
for the worldwide “communist peace offensive,” 
and it is now the duty of the 600 million (accord- 
ing to the Cominform) ideological converts to 
press home the attack 

In Washington, Mr. Lilienthal resigned as 
Chairman of the Atomic Energy Commission and 
demonstrated again the difficulty of govern 
ment to retain the services of capable men. The 
President has yet to appoint another victim 
possibly omeone nicely noncontroversial and 
timid. So might the critics be appeased, but 1! 
would bode ill for the rapid exploitation of peace 
ful uses of atomic energy, the relaxation of ex- 
cessive secrecy, wider sharing of developmental 
work with friendly nations and possible revision 
of the Acheson-Lilienthal proposals for inter 
national control of the atomic bomb 

Mr. Clark Gifford, one of the President's closest 
aids. also resigned, he to go after the rewards ot! 
private work and better take care of three chil- 
dren. It was Mr. Gifford who in the dark sum 
mer of 1948 pumped conviction into the President 
that the Fair Deal could win and it was he who 
wrote the speeche howing the President to be a 
homespun humanitarian. And over in the In 


terior Department, Mr. Krug (who expected a 
Dewey victory) dropped off without fantare Mr 
Oscar Chapman got the job, a victory for merit 
and devotion. Mr. Chi is sincere and able 


Furthermore he campaig vigorously for M1 
Truman 
Along the pension front the Bell Telephone 


Svstem has ordered an immediate increase lm 
( 


monthly payments from $950 to $100, le Federal 
Security payment The union, however, is very 
annoyed at ich cutting of the ground from un 
der one of their main claims and has proposed 
bring c rges ol fair labor practice iwainst 
the Svstem for makin the increase without 
proper col itatio ind collective bargaining 
With steel, coal and telephone well pensioned 
ind a foothold secured 1 Detroit, the growing 
campal to pry ope the Federal treasury to in 
crease old e pe mw at monthly) 
has won some formidabie allies in private indu 
trv. Even Senator Taft, who calls the welfare 
tate the farewell state inquire is to why 
ome worke! wuld Nave iperior protectio 
In mid-November some 59,518,000 Americans 
were employed ! Know mber were on 
short shitt a employment had dropped to 
3.490.000, a wn cle e tre J peak of 
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4,000,000 unemployed which had resulted in such 
fretful concern in many quarters In mid-July 
there were 35 areas in 14 states with 12 pct or 
more of the working population hunting jobs 
However, by the end of September some $80 mil- 
lion in Federal procurement and construction 
contracts and loans had been funneled into these 
depressed areas, and there has resulted consid- 
erable alleviation of distress. To the generally 
improved business conditions throughout the 
country, however, goes some of the credit. The 
country still has a goodly number of families on 
the lower rungs of the economic ladder (see 
graph), and these groups are now the subject of 
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several studies of the factors contributing to low 
income and the circumstances lm which low- 
income families live, in cities and farms 

Among the base metals copper alone has re- 
mained firm during recent weeks at 18!..« per lb 
The demand which comes mainly from the build 
ing industry is strong, and is not expected to 
slacken in the immediate future. Copper con 
sumption is currently estimated aS being well 
above current production plus imports but stocKs 
were built up fairly well during the first half of 
the year. Contrary to expectations the ending of 
the steel strike did not bolster the zine price and 
quotations have fallen off to 9%4¢ per lb. Lead 
broke on Nov. 25 to 12+ a Ib, the level in effect 
last June. Demand for lead has tended to weaken 
within recent months although Europe is still 
shipping supplies in search of dollars. In tin 
prices have persisted on the downward side to to 
day’s quotation of 78.25,. Turnover has not been 
large. Tin activity will not begin to look like a 
real market until more supplies are available 
from competitive sources in the Far East But 
iulready weakness in the tin price has led to a 
special meeting of certain member countries of 
the Tin Study Group in The Hague to consider 


| 
i 
oe 88 a8 88 BS 88 bE 
ES Ss SS SB SERS SS Ss Ss 
Income group 
$ 
j 
| be 


reestablishment of the prewar buffer-stock 
scheme. 

Now that Paul Hoffman has laivo down the dic- 
tum that countries in the Marshall area must 
liberalize trade relations .o stim.ulate recovery 
many producers are taking fi ght and exploring 
trick ideas to protect their industries from the 
searching winds of foreign competition. There 
are signs that the prewar coke cartel is being re- 
vived, similar moves are underway in scrap steel 
and chemicals, and steel and coal may join the 
list. Certain European steel producers are toying 
with the idea of transplanting the American 
bas 7 point mechanism from American to Euro- 
pea il. The French have also come up with 
the ..’.eme whereby high-cost producers would 
sell cut to their more efficient competitors. The 
NAM has already started to prou Mr. Hoffman’s 
organization, and it is unlikely that ECA will re- 
main passive to all these mane: verings for long 

All over Europe and Asia individuals bob 
around uneasily on the surface ripples while 
ponderous political and economic forces clash 
far in the deep. In Western Germany the oppo- 
sition political leaders at Bonn have struck an 
uneasy truce, with Dr. Schumacher apologizing 
to Dr. Adenauer for calling him a “Chancellor 
of the Allies,” and in return receiving permission 
to return to his seat in the Assembly. Their 
wrangle has dumped the whole idea of German 
defense and rearmament into the political arena 
and only a few short years after the war it is 
becoming obvious to the Allies that either a com- 
mitment will soon have to be made to defend 
yermany or to accede to some German plan of 
self-defense 

The Atlantic Pact governments allied together 
in Western Defense are now face to face with 
real operational planning now that the fancy 
top-level work has run its course with a great 
deal of committee-breeding, air visits back and 
forth, and paper swapping. Even with the sup- 
port of $900 million worth of American arms it 
is obvious that commitments of money and men 
of all the countries involved must materially in- 
crease if principles and plans are to be turned 
into acts and pledges. One shake of Stalin’s fist 
is worth far more than any number of General 
Montgomery's plans. The governments involved 
face grave and far-reaching decisions. The 
United States has belatedly assured the Euro- 
peans that they will not be the receptacle for 
American arms surpluses and that they will not 
be fobbed off with articles for which they have 
no genuine need. 

All through the satellite countries bordering 
Russia a witch-hunt of extraordinary proportions 
continues to fell the mighty. Speeches of various 
party functionaries present a picture of party 
membership a jumble of agents provocateurs 
spies and saboteurs. No party member can be 
trusted, however long his standing. Stalin is con- 
vinced that Titoism and the Anglo-American 
cold war in the “peoples democracies” merely 
repeats the Western interventionist campaign 
and Trotskyist subversion that were overcome in 
Russia. Stalin himself has given the warning 


that “a double-faced saboteur with a Party card, 
often hiding behind a screen of servility, seeming 
enthusiasm and high-flown dialectics is a much 
more dangerous enemy than an ordinary survivor 
of the hostile classes.” 

The Cominform met a few weeks ago in Buda- 
pest minus a number of familiar faces. Bulgarian 
Premier Dimitrov is dead and his Vice-Premier, 
Kostov, is being readied for the hangman for 
trying to “physically annihilate” him. The father 
of the Cominform, Zhdanov, is dead. Rumanian 
Foreign Minister, Anna Pauker, wasn’t there 
The survivors issued the usual pronouncements 
with all the euphemistic charm and grotesque 
self-deception of the communist vocabulary 
Anyone opposing Soviet policies is a warmonger. 
Tito is now a fascist, and against fascism no 
holds are barred 

Over in the Asian theater of the cold war, the 
World Federation of Trade Unions (WFTU) met 
with great fanfare in Peking during the third 
week of November. But trade union affairs were 
not on the agenda—rather a blueprint of action 
for an Eastern Cominform was laid down, a blue- 
print of revolutions from Persia to Japan, com- 
parable to that given by the late Zhdanov for 
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Europe at the initial meeting of the Western 
Cominform in 1947. The Western Cominform was 
devised to battle the Marshall Plan and the East- 
ern Cominform is to counter President Truman's 
“Fourth Point” of technical help for under- 
developed areas. Mao Tse-tung was kept in the 
background (Moscow doesn't want another Tito). 
Rather the main Moscow man in his cabinet, Liu 
Shao-chi, laid down the strategy: “Armed revo- 
lution must be the main theme in the people's 
liberation struggle, to be coordinated with other 
methods such as legal and illegal mass resistance 
in enemy-controlled areas and cities.” 

All this looks like 1950 will have pretty much 
the same impact on the nervous system as 1949 
Or maybe more so! 
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IRON & STEEL DIV. 
General Session 
Tuesday, Feb. 14, 9:00 AM 


Powder Cutting and Scarfine Processes by R Ss 
Babcock, Linde Air Products Ce 

Tin Fusion Method for the Determination of Hydro 
gen in Steel, by D. J. Carney, Carnegie-Illinois Steel 
Corp., J. Chipman and N. J. Grant. Mass. Inst. of 
Tech. Jl. of Metals, Feb 

Sampling and Analy o} Liq iid Steel for Hydrogen 
by D. J. Carney, Carnegie-Illinois Steel Corp., J 
Chipman and N. J. Grant, Mass. Inst. of Tech. Jl. of 
netal Feb 

ental Prod or Ferrochromium from 


W. Wessel and R. T 


Metallurgical Slags 
ruesday. Feb. 14. 2:00 P.M 
Vechanisn f the Sulph Reaction between Liquid 
Tron and Slag, by G. Derge, W. O. Philbrook and K. M 


of Tech 


o; leu rement th Regard to the 
cit Metallurgical Slac by C. W. Sherman 
iN. J. Grant, Mas Inst. of Tech. Jl. of Metals 


m De n Molt Slac nd Ir Saturated with 
Carbon, by W. O. Philbrook. K. M. Goldma 


I 1 ana 
M. M. Helze!, Carnegie Inst. of Tech. Jl. of Metals, Feb 
Vanganese Eq nder Simple Oxide Slags, by 
J. Chipman and J. B. Gero, Mass. Inst. of Tech., and 
Tr. B. Winkler, Bethlehem Steel Co. Jl. of Metals, Feb 


Metals Branch Dinner 


Tuesday, Feb 14. Cocktail Party at 6:00 and dinner 


it 7:00 PM 


Physical Chemistry of Liquid Iron 
10°45 AM 


Wecnesday. Feb. 15. 9.00 


Ee brium in the React f Hydrogen with Ox 


en in Liquid I by M. N. Dastur, H. A. Brassert 
& Co ind J. Chipn Ma Inst. of Tech. Jl. of 
Meta Au 

ict S } Ste Thel e? ) 


Optical Tempe e Scale and En ty of Liquid 
Tron, by M._N. Dastur, H. A. Brassett & Co.. and N. A 
Gokcen, Ma In {f Tec! Jl. of Metals, Oct 


Physical Chemistry of Steel Making Committee 
Luncheon Meeting 
Wedne ivy. Feb. 15, 12:15 P.M 


Physical Chemistry of Liquid Iron 
Wednesday. Feb. 15, 2:00 PM 
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con and Manganese, by D. C. Hilty and Walter Crafts 
Union Carbide & Carbon Res. Labs., Inc. Jl. of Metals 
Feb 

Thermodynamic Properties of Sulphur in Molten 
Tron-Sulphur Alloys, by C. W. Sherman, Mass. Inst 
of Tech., H. I. Elvander, Degerfors Jernverks A.B 
Degerfors, Sweden, and J. Chipman, Mass. Inst. of 
Tech. Jl. of Metals, Feb 

Effect of Carbon on the Activity of Sulphur in Liquid 
Iron, by J. P. Morris and R.C. Buehl, Bureau of Mines 
Jl. of Metals, Feb 


Bessemer Converter Operations 
(‘Sponsored by the Committee on Bessemer Steel 
Thursday, Feb. 16, 9:00-11:00 AM 
Blowing Problems Related to Iron Quality. by R. E 

Edwards, Jones & Laughlin Steel Corp 


The Bessemer Converter Process in the Manufacture 
of Steel, by A. B. Wilder, National Tube Co. JI. of 
Metals, Nov. & Dec 


Howe Memorial Lecture 
Thursday, Feb. 16, 11:00 A.M 


By F. B. Foley, International Nickel Co 


Iron & Steel Division Executive Committee 
Luncheon Meeting 
Feb. 16, 12:15 P.M 


Converter Process Developments 


Thursday 


Sponsored by the Committee on Bessemer Steel 
Thursday, Feb. 16, 2:00 P.M 
Side Blow Converter Process for the Production of 
ow Nitrogen Steel Ingots, by R. R. Webster. and 
H. T. Clark, Jones & Laughlin Steel Corp 
Experimental Operation of a Basic-Lined Surface 
Blown Hearth for Steel Production, by ©. E. Sims 
Battelle Memorial Inst.. and F. L. Toy. Carnegie 
Illinois Steel Corp 


Some Observations on Continental Bessemer Practice 
by S. J. Cresswell, Carnegie-Ilinois Steel Corp 
INSTITUTE OF METALS DIV. 
Reviews of Aspects of Metallurgy 
Sunday, Feb. 12, 9:30 A.M 
Solidification of Metals and Alloys arranged by 
Cc. S. Smith 


the liens pt lute 


rr Sunda prowrar 


The Liguid Metal: Nature of Structural Change Dur 
ing Solidification, Nucleation of Solid, by J. H. Hollo 
mon, General Electric Co 
1:30 PM 
ru ry ls fro the Melt: Pure Metals. Solid 
fior Dendrite Formatior Coring Diffusion 
phol ‘ast etals and Alloys, by R. F. Mehl 
T 


So am vs. Equiaxed 
St ture, Ingot Defects, Gas Evolution, Segregation 
etc, by B. R. Queneau, Carnegie-Illinois Steel Co 


New York, Statler 


At 
4, 
3 
fic) 
Ro: C. Rasmussen, U.S. Bureau of Mine 
Be 
art 
Nov 
4 
( y I j ity on the present status of soliditieatic t ne 
of C) new data These ‘ ior be repeated each year on 
i t mma prove iable re ew 
ninum, by D.C. Hilty Walter Craft Union Car 
; bide & Carbon Res. Lat I J { Metals, Feb 
Solubilit ) Liquid lron Containing Si 


1950 Annual Meeting 


Hotel, Feb. 12-16 


Alloy Systems: Nitrogen and Carbon in Steel 
Monday, Feb. 13, 9:00 A.M 


Tron-Nitrogen System, by V. G. Paranjpe, Morris 
Cohen, M. B. Bever and C. F. Floe, Mass. Inst. of 
Tech. Jl. of Metals, Feb 

Effects of Nitrogen, Iron, or Nickel Upon the Alpha- 
Beta Transformation and Gamma Precipitation in 
Cobait-Chromium Alloys, by A. R. Elsea and C. C 
McBride, Battelle Memorial Inst. Jl. of Metals, Jan 


System Chromium-Carbon, by D. S. Bloom and N. J 
Grant, Mass. Inst. of Tech. Jl. of Metals, Jan 


Carbides in Isothermally Transformed Chromium 
Steels, by Walter Crafts and J. L. Lamont, Union 
Carbide & Carbon Research Lab., Inc. Jl. of Metals 
Dec 

Carbides in Long-Tempered Vanadium Steels, by J. L 
Lamont and Walter Crafts, Union Carbide & Carbon 
Research Lab., Inc. Jl. of Metals, Feb 


Symposium on Tube Production Practice 
Monday, Feb. 13, 9:00 A.M 

Theory of Tube Production Methods, by R. J. Ripling 
Case Inst. of Tech 
Aluminum Alloy Production, by R. F. McCormick 
Aluminum Co. of America 
Copper Alloy Production, by Horace Y. Bassett, Calu- 
met & Hecla Cons. Copper Co 
Ferrous Alloy Production, by J W. Schroeder, Na 
tional Tube Co 


Alloy Systems: Structure and Stability 
Monday, Feb. 13, 2:30 P.M 
Iron-Chromium-Nickel Ternary System, by J. W 
Pugh and J. D. Nisbet, General Electric Co. JI. of 

Metals, Feb 

Faults in the Structure of Copper-Silicon Alloys, by 
Cc. S. Barrett, University of Chicago. Jl. of Metals 
Jan 

Undercooling of Minor Liquid Phases in Binary Al- 
loys, by Chih-Chung Wang and C. S. Smith, Univer- 
sity of Chicago. Jl. of Metals, Jan 

Measurement of Relative Interface Energies in Twin 
Related Crystals, by C. G. Dunn, F. W. Daniels and 
M. J. Bolton, General Electric Co. Jl. of Metals, Feb 


Thermodynamic Properties of the Alpha Brasses, by 
A. W. Herbenar, Ohio Crankshaft Co., C. A. Siebert 
and O. S. Duffenback, University of Michigan. Jl]. of 
Metals, Feb 


Symposium on Tube Production Practice 
Monday, Feb. 13, 2:30 P.M 

Lead Tube Production, by George Hiers, National! 
Lead Co 

Nickel Tube Production, by W. A. Dickenson, Inter 
national Nickel Co 

Nickel Tube Production, by H. F. Hendershott, Inte 
national Nickel Co 


F. N. Rhines, Prof. of Metallurgy, Carnegie Insti- 
tute of Technology, Pittsburgh, and chairman 
IMD, is shown with C. D. King, U. S. Steel Corp., 
chairman ISD (left) and J. D. Sullivan, Battelle 
Memorial Institute, chairman EMD (right). 


Magnesium Tube Production, by C. J. Huffman, Dow 
Chemical Co 
Magnesium Tube Production, by G. Ansel, Dow 
Chemical Co 
IMD Membership Committee Meeting 
Monday, Feb. 13, 4:00 P.M. 


Alloy Systems: New Alloys 

Tuesday, Feb. 14, 9:00 A.M 
Titanium Binary Alloys, by C. M. Craighead, O. W 
Simmons and L. W. Eastwood, Battelle Memorial Inst 
Jl. of Metals, Feb. 
Ternary Alloys of Titanium, by C. M. Craighead, O. W 
Simmons and L. W. Eastwood, Battelle Memorial Inst 
Ji. of Metals, Feb 


Quaternary Alloys of Titanium, by C. M. Craighead 
O. W. Simmons and L. W. Eastwood, Battelle Memo 
rial Inst. Jl. of Metals, Feb 


The Alloy Systems Uranium-Aluminum and Ura- 
nium-Iron, by Paul Gordon, and A. R. Kaufmann 
Mass. Inst. of Tech. J]. of Metals, Jan 


The Alloy Systems Uranium-Tungsten, Uranium-Tan 
talum and Tungsten-Tantalum, by C. H. Schramm, 
P. Gordon and A. B. Kaufmann, Mass. Inst. of Tech 
Jl. of Metals, Jan 


Institute of Metals Division Executive Committee 
Luncheon Meeting 


Tuesday, Feb. 14, 12:15 P.M 
Mechanical Properties: Theory and Light Metals 
Tuesday, Feb. 14, 2:00 P.M 


Plastic Deformation in the Rolling Process, by B. L 
Averbach, Mass. Inst. of Tech. Jl. of Metals, Jan 


JOURNAL OF METALS, JANUARY 1950—12A 


p LN | 
| 
| 
| 
Ug 
‘ 
> 
a 7 
ye 
| 


Some Observations on the Recovery of Cold-Worked Extrusion of Powder Magnesium Alloys, by R. S. Busk 
Alumium, by T. V. Cherian, P. Pietrokowsky and J.E and T. E. Leontis, Dow Chemical Co. Jl. of Metals 
Dorn, University of Calif. Jl. of Metals, Dec Feb 


Effect of Prestraining Temperatures on the Recovery Iron-Silicon Alloys by the Powder-Metallurgy Process 
of Cold-Worked Aluminum, by T. E. Tietz, R. A. An- by R. Wachtell, American Electro Metal Corp. Jl. of 
derson and J. E. Dorn, University of Calif. Jl. of Metals, Feb 


Metals, Dec 
Effect of Annealing in a Magnetic Field upon Iron 


Properties of Sand-Cast Magnesium-Rare Earth Al- Cobalt and Iron-Cobalt-Nickel Alloys Prepared by 
loys, by T. E. Leontis, Dow Chemical Co. J1. of Metals Powder Metallurgy, by J. F. Libsch, G. W. Beckman 
Dec and D. Warren, Lehigh Univ., and R. J. Franklin and 


t S.A. Signal C s. Jl ‘tals, Fet 
Aging Behavior of a Zinc Alloy Containing 25 pet S. Both, USA. Signal Corps. JI. of Metals, Feo 
Manganese, 15 pct Copper, 0.1 pet Aluminum, by P.W 
Ramsey and J. L. We rley N. J. Zine Co. Jl. of Metals Properties: Elasticity and Anelasticity 


Jan Thursday. Feb. 16, 9:00 AM 


Elastic Coefficients of Single Crystals of Alpha Brass 
by R. W. Fenn, Jr.. Dow Chemical Co., W. R. Hibbard 
Tuesday, Feb. 14. Cocktail Party at 6:00 and Dinne: Jr.. and H. A. Lepper, Jr.. Yale Univ. Jl. of Metals 

at 7:00 P.M Jan 


Metals Branch Dinner 


, . Thermoelastic Effect in Iron and Nickel as a Function 
Mechanical Properties: Steel of Temperature, by R. Rocca and M. B. Bever. Mass 


Feb. 15, 9:00 AM Inst. of Tech. Jl. of Metals, Feb 


Wednesday 


: Some Effects of Phosphorus and Nitrogen on Proper Internal Friction of Cold-Worked Metals at Various 
: ties of Low-Carbon Steel, by G. Enzian, Jones & Temperatures, by Ting Sui Ke. Univ. of Chicago 
Laughlin Steel Corp. Jl. of Metals, Feb Jl. of Metals, Feb 
Flow and Fracture Characteristics of a Die Steel at Study of Recrustallization and Grain Growth by 
High Hardne Levels, by L. J. Klingler and C. C Measurements of Internal Friction, by Ting Sui Ke 
Chow, Case Inst. of Tech., and G. Sachs, Metals Re Univ. of Chicago, J]. of Metals, Feb 
search Assoc. Jl. of Metals, Det 
Effects of Molybdenum and Phosphorus Upon the Powder Metallurgy 
Toughne if Manganese Steels, by M. Baeyertz, W. F rhursday, Feb. 16, 9:00 A.M 
| Craig, Jr. and J. P. Sheehan, Armour Res. Founda 
tion. Jl. of Metals, Feb Control of Atmospheric Beryilium, by N. P. Pinto 


Sylvania Elec. Prods., Inc 


Institute of Metals Division General Business Meeting Behavior of Pores during the Sintering oj Copper 
: ae Compacts, by F. N. Rhines, C. E. Birchenall and L. A 
Feb. 15, 10:30 AM Hughes, Carnegie Inst. of Tech. Jl. of Metals, Feb 


Institute of Metals Division Lecture 
Feb. 15, 11:00 AM 
By E. E. Schumacher, Bell Tel 


Powder Metallurgy Committee Luncheon Meeting 
Feb. 16, 12:15 PM 


Labs 


Properties: Effect of Alloy Elements 


Kinetics 
Wednesday. Feb. 15. 2:00 P.M Feb. 16. 2:00 P.M 
! f ig of Br During Anneals, by Self-Diffusion in Alpha and Gamma Iron, by C. E 


Birchenall and R. F. Mehl, Carnegie Institute of 
rechnology. Jl. of Metals, Jan 


F. H. Wilson and E. W. Palmer, American Brass Co 


Effect f Solute Elements on the Ter le Deformation Diffusion Coefficient of Carbon in Austenite, by Cvril 
f Copy by R. S. French, Bridgeport Brass Co. and Wells, Walter Batz and R. F. Mehl, Carnegie Institute 
W. R. Hibbard, Jr.. Yale Univ. JL of Metals, Jan of Technology. Jl. of Metals, Feb 


j 10 Growth of Austenite as Related to Prior Structure 

kerley, H. B. Hu by A. E. Nehrenberg, Crucible Steel Co. of America 
of Metals, Jan 

Kinetics of the Eutectoid Transformation in Alloys of 

Elect? Re tivit nd The oelect Powe? j Iron and Nitrogen, by B. N. Bose, and M. F. Hawkes 

‘arnegie Institute of Technology. Jl. of Metals, Feb 

ics the Reactions of Columbium and Tanta- 

m With O. N and H., by E. A. Gulbransen and 


Efe n the Mechanica K. F. Andrew, Westinghouse Electric Corp. Jl. of 
Properti« f Alph Titanium, by W. L. Finlay and Metals. Feb 
IAS Remington Arms Co., h f Me 


nodynamic Investigation of the Sustem Silve 
Silver Sulphide, by Terkel Rosenqvist. Institute for 
Powder Metallurgy the Study of Metals, Jl. of Metals, Aug 


Wedne iv. Feb. 1 P.M 
Powder Metallurgy Seminar 
Ziv E S P ae Vetall 
Vet? by H HH h, Sylvan Feb. 16, 2:30 P.M 
J Chairmat 


FE. N. Smith. Kennar I of Metals S. Metals Refining 
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EXTRACTIVE METALLURGY DIV. 
Aluminum (Primary and Secondary )—Magnesium 
Monday, Feb. 13, 9:00 A.M 
Extractive Metallurgy of Aluminum, by R. S. Sherwin 

Reynolds Metals Co 

Metallurgy of Secondary Aluminum and Magnesium 
Alloys, by Walter Bonsack, Apex Smelting Co 
Production of Aluminum from Kalunite Alumina, by 
Arthur Fleischer, Nickel Cadmium Battery Corp. and 
Julian Glasser, Armour Research Foundation 

Amex Modification of the Kalunite Process for the 
Production of Alumina, by Arthur Fleischer, Nickel 
Cadmium Battery Corp. 

Aluminum Recovers Itself, by Stanley H. Brown, Per 
manente Metals Corp 


Titanium-Zirconium-Manganese 
Feb. 13, 2:36 PM 


Continuous Method of Producing Ductile Titanium 
by P. J. Maddex and L. W. Eastwood, Battelle Mem- 
orial Institute 

Electrical Resistivity of Titanium Slags, by James L 
Wyatt, Titanium Div., National Lead Co 

Recent Practice at the Boulder City Titanium Plant 
by F. S. Wartman, H. C. Fuller and D. H. Baker, Jr 
U.S. Bureau of Mines 

Pilot Plant Production of Malleable Zirconium, by 
W. J. Kroll, W. W. Stephens and H. I. Holmes, U. S 
Bureau of Mines 

Metallic Manganese Metallurgy in Japan, by P. B 
Dettmer, Oakland, Calif 


Copper 
ruesday, Feb. 14, 9:00 A.M 
Core Type Induction Furnaces of Large Capacity for 
Melting Nonferrous Metals, by Manuel Tama, Ajax 
Engineering Co 
Treatment of Electrolytic Copper Refinery Slimes 
by J. H. Schloen and E. M. Elkin, Canadian Copper 
Refiners, Ltd 
History of the Development of Mechanical Tuyere 
Punching at the McGill Smelter, by Leonard Larson, 
Kennecott Copper Corp 
Review and Preview of the Physical Chemistry of 
Copper Smelting, by R. Schuhmann, Jr., Mass. Inst. of 
Tech 
Zine 
Tuesday, Feb. 14, 2:00 P.M 
Recovery of Zinc Dithionate Sulphur-dioride Leach- 
ing Process, by S. F. Ravitz and A. E. Back, Bureau of 
Mines 
Calbeck Process for Refining Zinc Oxide, by John H 
Calbeck, William T. Maidens and Oscar J. Hassel 
American Zinc Oxide Co 
Low-Pressure Distillation of Zinc from Aluminum- 
Zinc Alloy, by M. J. Spendlove and H. W. St. Clair 
Bureau of Mines. Jl. of Metals, Sept 
Refining of Zinc, by Stanley Robson, Zine Corpora 
tion, Ltd 
Brief History of Filtering Practice at Risdon, by V.A 
Corstorphan, Electrolytic Zine Co. of Australia 
Design and Operation of a Counter Current Gas 
Scrubbing System, by F. H. C. Kelley, Electrolytic 
Zine Co. of Australia 


Metals Branch Dinner 


Tuesday, Feb. 14. Cocktail Party at 6:00 and 
Dinner at 7:00 P.M 


Round Table Symposium on Fume and Dust 
Collection 
Wednesday, Feb. 15, 9:00 A.M 
Fume and Dust Problem in Industry, by Harry V 
Welch, Western Precipitation Co. Jl. of Metals, Dec 
Hygiene Program Control of Dust and Fume in a 
Smelting Industry, by J. M. Abersole, American 
Smelting & Refining Co 
An Improved Automatic Smoke Sampler, by J. J 
Donoso, American Smelting & Refining Co. 
Modern Baghouse Practice for the Recovery of Metal- 
lurgical Fumes, by A. L. Labbe and J. J. Donoso 
American Smelting & Refining Co 
Conditioning Dwight-Lloyd Gases to Increase Bag 
Life, by R. E. Shinkoskey, American Smelting & Re 
fining Co 


Extractive Metallurgy Division Executive Committee 
Meeting 


Wednesday, Feb. 15, 12:15 P.M 


Round Table Symposium on Fume and Dust 
Collection 
Wednesday. Feb. 15, 2:00 P.M 

Acid Conditioning of Metallurgical Smoke for Cot- 
trell Precipitation, by A. L. Labbe, American Smelting 
& Refining Co 
Treatment of Dwight-Lloyd Gases Tooele Plant (Ana- 
conda’, by B. L. Sackett, Anaconda Copper Mining 
Co 
How the Operation of a Cottrell Precitpitator is 
Affected by the Resistivity of the Collected Material 
by Walter A. Schmidt, Wayne T. Sproull and Y. Na 
kada, Western Precipitation Co 
Ultrasonic Precipitation, by Harold Danser, Ultra- 
sonic Corp 


Extractive Metallurgy Division General Meeting 
Wednesday, Feb. 15, 4:45 P.M 


Lead-Antimony 
Thursday, Feb. 16, 9:00 AM 

Relationship between Electrical Conductivity 

‘omposition of Molten Lead Silicate Silags, by 
J Schellinger and R. P. Olsen, Stanford Univer- 
sity. Jl. of Metals, Dec 
Water Sealed Wind Boxes for Dwight-Lloyd Sintering 
Machines, by E. McL. Tittmann and E. A Hase 
American Smelting & Refining Co 
Development of the Lead Blast Furnace at Port Pirie 
South Australia, by L. A. White, Broken Hil] Asso 
ciated Smelters 
Electroyltic Refining of Antimony Bullion, by David 
Schlain, J. D. Prater and S. F. Ravitz, Bureau of 
Mines 


Cobalt—Nickel—Tin 
Thursday, Feb. 16, 2:00 P.M 


Tin Metallurgy in Japan, by P. B. Dettmer, Oakland 
Calif 


Thermodynamic Relationships in Chlorine Metal- 
lurgy, by Herbert H. Kellogg, Assistant Professor of 
Mining Engineering, Columbia University 
Fundamental and Practical Factors in Ammonia 
Leaching of Nickel and Cobalt Ores, by M. H. Caron 
Delft, Netherlands. J]. of Metals, Jan 


Separation of Nickel and Cobalt, by M. H. Caron 
Jl. of Metals, Jan 

Production of Cobalt Oxide, Cobalt Sulphate and 
Electrolytic Cobalt, by Alan S. Gill, Electrolytic Zine 
Co. of Australia 
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SECTION 
ACTIVITIES 


North Pacific Section 

The 23rd annual Mineral Industry Institute 
will be held on Thursday, Jan. 19, 1950, on the 
University of Washington Campus. This year the 
Institute will present a program devoted entirely 
to metallurgy, according to Edward A. Rowe 
Prominent speakers in the field will address the 
guests on various phases of metallurgy with em- 
phasis on importance of some of the lesser known 
metals 

As in past years, the evening meeting of the In- 
stitute will be held jointly with North Pacific 
Section of the AIME. The banquet will be fol- 
lowed by an address by a speaker of national 
reputation 


Cleveland Section 

William M. Baldwin, research professor at Case 
Institute of Technology, presented the first lec- 
ture of the fall series on Nov. 17 before the 
Cleveland Section. Dr. Baldwin repeated his Mar- 
burg Lecture of the annual ASTM meeting on 
residual stresses in metals, illustrating his talk 
with colored slides, thereby simplifying descrip- 
tion of a complete stress system to his listeners 
The direction and amount of all three principal 
stresses was clearly indicated in perspective 

Commonplace subjects such as round rods, 
tubing, and flat bars were described as to typical 
residual stress conditions which usually exist in 
them. Another striking illustration of the use 
of colored slides was seen in the depth of pene- 
tration of residual stresses which arise when 
rolling sheet. Effect of variables such as roll 
diameter, stock thickness, and percentage reduc 


tion were considered 


Detroit Section 

The theory of pressing metal powders and the 
design of presses and auxiliary pressing equip- 
ment were the subjects of L. H. Bailey's lecture 
on Nov. 21 to the Detroit Section. Mr. Bailey 
pointed out that the pressing operation is one of 
the most important steps leading to the finished 
product. Sometimes pressing is only a means of 
compacting loose particles of powder into a solid 
mass prior to sintering. For most applications 
however, it is used as a molding operation with 
the object of shaping metal powders into a de 
sired part whose shape is not changed by subse- 


quent sintering 


Philadelphia Section 

E. M. Wise, of the International Nickel Co 
spoke on Oct. 27 before the Philadelphia Section 
on the magnetic properties of nickel, iron-nickel 
iron-nickel-chromium, and many} 
He presented the fundamentals of magnetism 


related alloys 
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citing the evidence for the existence of magnetic 
‘domains,”" as commoniy accepted by research 
physicists today 

The ferromagnetic properties of the transition 
metals, iron, nickel, cobalt, and the para- and 
di-magnetic properties of other metals were 
specifically explained on the basis of electron 
configuration. It was also pointed out that cer- 
tain metals such as platinum, paladium, and 
others, had electronic structures which facilitate 
ferromagnetic behavior when alloyed with suit- 
able metals 

The magnetic characteristics of numerous 
specific alloys of nickel as a function of tem- 
perature were also presented. The interesting 
history of “Alnico” was related and several pos- 
sible explanations for the superb magnetic prop- 
erties of this and other similar permanent mag- 
net alloys were offered 

By the masterful presentation of these and 
many other aspects of the general subject, Mr 
Wise showed an enviable familiarity with the sub- 
ject of magnetism from its infancy to the pres- 
ent advanced stage of development of the science 
The lecture was well received and a lively and 
interesting discussion of many magnetic phenom- 
ena followed the formal talk. 


Carnegie Institute of Technology 

The Metals Club at Carnegie Tech is looking 
forward to an active 1950 season, and if last 
year’s accomplishments are an indication, the 
Club will continue to hold successful meetings 

Ingenious Club members arranged last year to 
hold their monthly meetings at various fraternity 
houses on the campus and at a minimum of ex- 
pense. Industrial leaders aired their views of 
labor relations, what industry expects of metal- 
lurgists, and other interesting topics at informal 
sessions. The Club also co-operated with a mod- 
ern metallurgical methods course given at the 
school, attended more informal meetings, and 
went on several field trips. Last fall plans were 
made for a dance, a banquet for membership 
and faculty, and a printed Club paper, The Ladle 
The publication, aided by alumni contributions 
and the metallurgical engineering department, 
is now operating in the black and will continue 
publication 

Members have carried out an extensive AIME 
membership drive and made noteworthy efforts 
to bridge the gap between alumni and under 
graduates. Ail metallurgical students at Tech 
are now eligible for voting memberships. Accord- 
ing to M. F. Stavish, Secretary, the officers 
elected for the school year are: Lee Horigan 
President; John Brown, Vice-President and 
Treasurer; M. F. Stavish, Secretary; William 


Lambert, “Ladle” Editor; and Howard Cannon, 
Social Chairman 


University of Michigan 

The University of Michigan Affiliated Student 
Society got off to a good start last fall with its 
annual picnic and had plans for meetings and 
field trips for the season. John Carlson is Presi- 
dent; Alan F. Busto, Vice-President; Charles W 


He 
dy 
| 
¢ 
. 
} 
4 
2 
F 
\ 
-~ 
ae 


Phillips, Secretary; Fred M. Baker, Recording 
Secretary; Charles W. Phillips, Secretary-Treas- 
urer; C. A. Siebert, Faculty Sponsor; and Clar- 
ence L. Raynor, of the Hoskins Mfg. Co., Industry 
Counselor. 


University of Pennsylvania 


The Metallurgical Engineering Society of the 
University of Pennsylvania began its fall activi- 
ties on Oct. 3 with election of officers and the 
announcement that the Society was accepted as 
an Affiliated Student Chapter of the AIME 
James Fulton is President; Victor Damiano, Vice- 
President; and Leroy Anderson, Secretary- 
Treasurer 

The Oct. 12 meeting with the metallurgical en- 
gineering department of Drexel Institute of 
Technology featured short talks by the directors 
of the two departments, Professor Brick and 
Professor Grosvenor, of Penn and Drexel re- 
spectively. On Oct. 17 plans were made for 
speakers and evening meetings for the duration 
of the term. Further plans for 1950 are in the 
development stage, and with increased member- 
ship the Society hopes to have a highly success- 
ful year 


New York 


The latest meeting of powder metallurgists, Nov. 16 
in the New York metropolitan area was again very 
well attended 

The main feature of the evening was an outline of 
modern sintering theories presented by Dr. Ben H 
Alexander, Sylvania Flectric Products Laboratories 
in Bayside, Long Island. This talk was based on 
theories of recrystallization, grain growth, diffusion, 
and flow presented at the Sylvania Symposium in 
August 

In addition to this presentation, Dr. F. V. Lenel of 
Rensselaer Polytechnical Institute reviewed the high 
spots of his work on sintering in the presence of 
liquid phase 

Dr. H. H. Hausner of Sylvania touched on his re- 
search in the field of Conductivity measurements as 
related to the sintering process 


At the Seventh Annual Elec- 
tric Furnace Steel Confer- 
ence, Dec. 8-10, Pittsburgh. 
At the Annual Dinner, 
James W. Kinnear, Jr., 
President, Firth Sterling 
Steel & Carbide Corp., was 
Toastmaster. In the back- 
ground is Norman I. Stotz, 
President, Braeburn Alloy 
Steel Corp., who is Chair- 
man of the Electric Fur- 
nace Steel Executive Com- 
mittee. 


Dr. Kamillo Konopicky of Austrian-American Mag- 
nasite Corp., Who was in New York on a visit from 
Austria, described his method of powder classifica- 
tion which, although originally developed for retrac- 
tory materials, is applicable to metal powders. His 
particular size distribution and density versus pres 
sure curves, which have already been published in 
this country, were discussed 

It was only the late hour of the evening that inter- 
rupted the lively discussion on all the matters pre 
sented by the speakers 


Electric Furnace Conference 

The Seventh Annual Electric Furnace Steel Con 
ference of the Iron and Steel Division established 
an all time record for attendance of 585 on Dec. 8 
and 9 at the William Penn Hotel in Pittsburgh. This 
figure does not include the more than fifty of the 
two hundred that attended the Saturday morning 
free Educational Session without registering 

Unusual technical sessions included one on ma 
terials handling, a whole session devoted to tem 
perature and composition measurements and one on 
refractories. The other technical sessions dealt with 
operating improvements, use of oxygen and gases In 
steel. The educational! session covered the chemistry 
of electric furnace steelmaking and included two 
movies, a lecture and a panel of experts to answer 
the questions submitted by the audience. Some ol 
the principle papers have appeared in the Journal of 
Metals. The complete Proceedings with discussion 
will be available next summer 

James W. Kinnear, Jr., President of Firth Sterling 
Steel and Carbide Corp., was an excellent toastmaste1 
at the annual banquet. ‘Picture at banquet is shown 
below.) Gene Flack, Sales Counsel and Director ol 
Advertising for Sunshine Biscuits, thoroughly enter 
tained the registrants as the principal speaker. Ex- 
ecutive Committee Chairman Norman Stotz pre- 
sented Past Chairman John Caine with a certificate 
and perpetual Electric Furnace Steel Conference 
registration. He thanked the Westinghouse Male 
Quartet for their fine musical program and expressed 
appreciation to J. W. Harvey and his local committee 
for providing such a sucessful cocktail party and 
dinner. The new officers announced for the year 1950 
are James Bowers, Chairman of the Executive Com- 
mittee, T. J. McLoughlin, Chairman, and R. H. Frank, 
Vice Chairman of the Conference Committee 
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THE DRIFT OF THINGS 


detail, offering provisional bylaws 
for the operation of the proposed 
Council. The forthcoming meeting 
will be organized and will operate 
inder these bylaws 
Section Delegates’ meetings are 
nothing new; they have long been 
on the program for our Annual 
Meetings. But heretofore the dele- 
gate has usually functioned as such 
for that meeting only; the agenda 
has been drawn up by the Secre 
s office; the President of the 
has presided; and the 
ings have conflicted with tech- 
nical sessions 
As envisaged by the Gillson com 
mittee, the principal duties of the 
new Council would be “‘a! To re- 
complaints, and 
suggestions from individual mem 
Local Sections. It may ap 
investigate 
formulate recommen 
present to the Board 
To keep the President of the 
» informed on affairs in the 
Sections. ‘c' To receive in- 
about Institute affairs 
Board through the Presi- 
of the Institute and to pass 
information on to Local Sec 


celve proposals 
bers or 


point committees to 


will be elected for 
but to assure continuity 
t half of the group the 
will be staggered 
half of the Local Sections are 
ing a delegate to serve until 
1950, and half a delegate to 
intil Nov. 14, 1951. To get the 
started next February, the 
the Colorado Section 
Chairman 
from the 
Secretary 
meeting 
g Commi * consisting 
from the Boston 
Pennsylvania Au 
offering 
Chairman 
and four 


who will 


delegate 


terms 


will be pro 
ie delegate 
Basin 


However! 


Section 


renort 
will repor 
officers 


Secretary 


tt mer 
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+ + followed by EDWARD H. ROBIE 


if elected, take office immediately 

The agenda for the meeting will 
be prepared by the delegates from 
the New York, Permian Basin, San 
Francisco, Upper Peninsula, and 
Colorado Sections 

Any Director or officer of the In- 
stitute may attend the Council's 
meetings as an observer, without 
vote, but only if invited 

Two meetings of the Council each 
year are authorized, but railroad 
expenses of the delegates will be 
paid only to the Annual Meeting of 
the Institute for the present. If a 
delegate cannot attend, an observer 
may take his place, or an observer 
may accompany a delegate, but an 
observer will in no case have a vote 

rhe Gillson committee suggested 
that “whenever possible, the meet- 
ing shall precede by a day or so, a 
scheduled Board meeting The 
Council meeting therefore has been 
scheduled for 10 am. Saturday 
Feb. 11, 1950, and it can continue 
through the afternoon and evening 
if need be. The Board will meet 
Sunday at 10 am. and all Section 
Delegates and observers are invited 
to be present and to participate in 
any discussion by the Directors of 
matters brought to the Board by 
the Delegates, or in any other top- 
ics in which they may be interested 
The meeting of the Council will be 
entirely free of any conflicting ses- 
and the meeting of the Board 
Time should be suffi- 
cien full discussion of impor- 
tant matters 

Some skepticism 
pressed as to wheth 
plan will be more satisfactory than 
the procedure that has been fol- 
lowed before. But the mechanics 
are available for a true and un 
inhibited expression of the senti 
ment of the rank and file. The suc 
the meeting is entirely in 
hands of the delegates 
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largely so 
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the proposed 
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Branch Organization 

Another of the important recom- 
mendations of the Johnson com- 
mittee was the organization of the 
Institute three major profes 


groups—the Mining, Metals 
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tration could be bet Eac! 
by the membership two ve 
& [ten the case of at 
7 ; Following receipt of the Johnson two-ve 
Committee report a “Committee that i 
on Democratization,” consisting of appoi 
ve Joseph L. Gillson, chairman, with Nov. 1 
A. Anders ind George B. Cor serve 
fore ‘ was appointed to investigate meeti 
he problem of democratization deleg 
further and to activate the ideas of M. I 
. the Joh Committees It re tem 
ae" ported at the Annual Meetin i Permi 
por San Francis« ist year. and one of pro te 
a its six points was the reorganiza a Nor 
ae tion of the Section Delegate roup nt the 
Bete. ind replannit f its meetings. The Gull ¢ 
Committee wa isked to amphiy thrac 
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4— JOURNAL OF METALS : 
ff 
| 


and Petroleum Branches 


and Geophysics Division now rec- 
ognized by the Board, the Divi- 
sional structure is complete and the 
Branch organization can now be 
consummated. The bylaws of the 
Institute provide definitely for a 
governing council for each branch, 
made up of at least six members, 
including one each from the Min- 
eral Economics and Mineral Indus- 
try Education Divisions, the other 
members being equally divided 
among the constituent Divisions 
This means, in practice, that the 
Petroleum Branch council shall 
consist of six or more members, the 
Branch and the Division here being 
synonymous; the Metals Branch 
cornecil must consist of at least 
eigit members ‘there being three 
Divisions in this Branch’; and the 
Mining Branch council shall con- 
sist of six members or more ‘there 
being four Divisions in this Branch) 

The Petroleum Branch council 
has already been set up and is the 
same as the officers and executive 
committee of the Petroleum Divi- 
sion; in fact, the Division prefers 
to be Known as the Petroleum 
Branch Likewise, the Metals 
Branch council has been named, 
with A. A. Smith Jr. as Chairman, 
E. O. Kirkendall as Secretary, and 
an executive committee of six, in- 
cluding the Chairmen of its three 
constituent Divisions. It is hoped 
that the Mining Branch Council 
can be named at the Annual Meet- 
ing, at which time a meeting of the 
officers of its constituent Divisions 
is planned. Possibly for want of a 
directive, the Metals Branch council 
has so far been inactive but it is or- 
ganized to act if it should be called 
upon 

So far, the responsibilities and 
duties of the Branch Councils have 
not been established, and this is a 
matter for early Board action. Cer- 
tainly, general supervision over the 
Branch journals and the activities 
of component Divisions would seem 
to be within the province of the 
Branch councils. Fairappropriations 
from the national treasury for Di- 
visional activities should be studied 
One of the first responsibilities 
of the Mining Branch council 
which will be discussed at the An- 
nual Meeting, would presumably be 
to recommend to the Board whether 
or not a paid secretary should be 
employed, and if so, what his field 
of activity should be. The Johnson 
committee suggested a field secre- 
tary for the Institute as a whole 
and the Gillson committee specifi- 
cally recommended a field secretary 
for the Mining Branch, with head- 
quarters preferably in Salt Lake 
City 


With the 
organization of the Mining, Geology, 


The Noble Prize 


Honors, awards, and prizes bestowed 
by the Institute are becoming so 
numerous that many of them are 
not as well Known to the member- 
ship as they deserve to be. The Al- 
fred Noble Prize is an example. It 
is not strictly an AIME prize, since 
it may be granted to the author of 
‘a technical paper of particular 
merit” published by any of the 
Founder Societies or by the West- 
ern Society of Engineers. However, 
AIME members have frequently won 
it, as they did in both 1948 ‘(John 
H. Hollomon’ and 1949 ‘(Robert L 
Hoss!. The cash prize is $350, and 
the expenses of the recipient are 
paid to the meeting at which the 
award is made. Competition for the 
prize is not severe, for it is limited 
to authors who have not passed 
their 3lst birthday when the paper 
is accepted, and only a small pro- 
portion of the members of the so- 
cieties in this category have reached 
the professional stature where they 
feel they can write an acceptable 
technical paper 

Here is an opportunity that 
should interest Junior Members, and 
those of our Members who are still 
in their twenties. The prize is de- 
cidedly worth while, as is the trip 
to the Annual Meeting, and the 
prestige of being the prizewinner 
may easily be worth considerably 
more than either, when it comes to 
looking for a job. All you have to 
do is to write a more outstanding 
paper than a dozen or your 
fellows. It’s worth a try 


so of 


Continuing the Trip 


In the November issue, the travels 
of the Secretary ended in El] Paso 
on a rum note. This department got 
crowded out of the December issue 
but the complaints thereby arousec 
from disappointed readers could 
have been counted by the Venus de 
Milo on the fingers of one hand 

From El] Paso we drove to Silver 
Gity, N. Mex., where we found the 
small properties discouraged about 
the declining metal prices, but Ken- 
necott’s big open pit at Santa Rita 
was producing as usual, and a 
leaching project on some 125,000.- 
000 tons of capping, containing 
about 0.35 pet. of copper, was un- 
derway, which should add a total 
of 400,000 tons to the country’s cop- 
per production in the years to 
come The ore for the concen 
trator runs a bit over 1 pet. in cop 
per, about a tenth of which is oxi 
dized. At the smelter at Hurley we 
found that the vibrating feeders on 
the reverberatories had been aban- 
doned as they did not work 
factorily on material containing 
around 9 pet. moisture 


Satis- 


Next stop, Inspiration, where we 
saw its open-pit operations for the 
first time, 15-yd. Dart trucks (24 
tons! dumping 5,500 tons of ore 
daily direct to a 42-in. gyratory 
An equal amount of waste has to be 
disposed of at present, but later on 
the waste should be but about 0.7 
ton per ton of ore. At the leaching 
plant, capacity has had to be in- 
creased because of lower-grade ore 
How was it done? By raising the 
walls of the leaching tanks 18 in., 
which increased their capacity by 
12 pet.. but involved a big job in 
rearranging piping. We were inter- 
ested in the grizzly bars used in the 
belt discharge into the tanks to 
lessen segregation in the ore bed 

At Tucson we ran into a dads’ 
and moms’ day at the university, 
but T. G. Chapman had time for a 
good visit. Enrollment in the min- 
ing school there is at a peak and 
up a third over last year, with 216 
undergraduates and 22 graduate 
students, though enrollment in the 
other engineering courses declined 
about 10 pet., to 660. Particularly 
close relationships with the mining 
companies are maintained, which 
helps in getting jobs in the summer 
and after graduation, and in secur- 
ing scholarships 


Hollywood Sponsors Purity 


Smog, which as everybody should 
know by this time, is a combination 
of smoke, fog, and any other 
troublesome matter that gets into 
the air of industrial communities 
when there is no wind, is a prob- 
lem in many cities of the country 
Metallurgical and chemical plants 
in the vicinity are viewed with ex- 
treme suspicion when per- 
sists, so that engineers concerned 
with dust and fume control are ex- 
pected to contribute to the solution 
of the problem 

George E. Lynch, who has re- 
cently been working on the dustless 
incineration of some ‘but not all 
of course) of the refuse of a movie 
company at Hoilywood, as well as 
on the cleaning of openhearth 
gases in Pittsburgh, sends us a clip- 
ping about a new method to pre- 
vent smog in Los Angeles. Appar- 
ently almost everything has been 
tried, but still the September smog 
season last fall was the worst yet 
The latest device is to name one of 
the Paramount girls—-starlet we be- 
lieve is the technical term-——to be 
Miss Pure Air. She was to call on 
the mayors of Los Angeles County's 
45 cities to seek their co-operation 
in National Smog Abatement Week 
Her blond personality was supposed 
to spur the mayors to greater ef 
forts, and her glamor was felt likely 
to be as effective as anything else 
in charming away the smog 
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’ Michael A. Kyeia is metallurgist in the research sec- 
E. C. Bitzer res tion of the materials development laboratory of the 
veen appointed Pratt and Whitney Aircraft Co., East Hartford, Conn 
CAccuLve Vict He received his B.S. degree in metallurgical engineer- 
president and ing from the University of Wisconsin last June 


Joseph M. Lynch, Jr., after receiving his S.B. degree 
from MIT last June, went to work for the Arnold- 
Copeland Co. in South Boston, Mass 


death o 
T. A. Dickson, E. W. Merrick, superintendent of the U.S.S. Lead R 


Bit “wil I = finery, East Chicago, Ind., from 1935 to 1949, is retired 
itzer will be in nd 


} 


ind now living at 3646 Ridge Rd.. Highland, Ind 
F. L. Warner was appointed superintendent in his 


panhy p i 
. place and F. C. Smyers became assistant superintend 


James Mohr is worki in Waterbury, Conn., as 
netallurgist for the Scovill Mfg. Co. His mailine ad 
ress is 10 Sunnyside Drive, Plantsville. Conn 


BITZER 


Howard P. Butler received | M.S ree in geology V. H. Patterson left the American Brake Shoe Co 


q fro I ry Universi ] August. At the present vhere he was sales metallurgist, on Oct. 1 to join the 
time he is ; ' ty t eeology at Texas Wester ievelopment staff of the Climax Molybdenum Co. in 
College. El P Detroit. His home address is > Artesian Rd 
Detroit 22 
John N. Butler, nee his liberation and return 
| f ns I is a I Bar internment camp A.B. Kinzel, pres- 
the Philip f i 1945 | bee employed as a ident of the 
etallu al « et ith the Bureau of Mines in Union Carbide 
Albany. Ore " Salt Lake City, resigned early in and Carbon Re- 
October to ept a post with the Galigher Co. of search Labora- 
| S Lake City reside nanager of the uraniun tories, and past 
recovery plant at Monticello, Utah chairman of the 
Engineering 
Dennis J. Carney, became a physicist in the research Foundation 
dey ment of the metallurgical division at the South Board. has been 
W Carnegie-Illinois Steel Corp Chicago, on elected vice- 


Aue. 1. In July he received his Doctor of Science de chairman of the 
ree in metallurgy from MIT Welding Re- 
search Council 


Walston Chubb, Jr., is an engineering trainee with 


he Brush Beryllium Co. at Luckey, Ohio. His ad Raymond L. Phe- 
cre is 240 E. Indiana, Perrysburg, Ohio bus, no longeras- 


sociated with 


Bernard D rn Scie? liaison off Carl A. Zapffe 
cer for the Office of Naval Research in London, is now ( ltimore > oy 
a ant professor of metallurgy at the University eS Sartore A. B. KINZEL 


has taken the 

post of research assistant in the department of Met- 
allurgical Engineering at the University of Pennsv!- 
vania, Philadelphia 


Walter L. Gage, after graduati: from Fenn College 


with a metallurgical engineeri degre oined the 


‘ nelter sampler of the 
Hurlev. N. Mex Carl B. Post and George V. Luerssen, of the Carpen 
ter Steel Co., were awarded certificates of merit for 


Kennecott Copy 
Chino mine 


Francis B. Foley recently became consulting metallur their work in developing a method for melting 
‘ist for the research laboratory of the International better steel at the annual meet of the Pittsburgh 


th tl Section, AIME, on Oct. 28 Arthur Thornton, secré 


Nicke Co. at Ba N. J He id Dee ith - 

Midvale Co. since 1926. Preside ASM in 1948. he tary and Chairman of the NOHC which sponsored 

become i director of AIME in February and is the the award, cited their paper The Interaction of ! 
1950 Howe Memoriai lecturer Liquid Steel with Ladle Refractories” as the best in > 


elther theory or practice and the one which made the 


J. F. Jarrell wa wards the Steel Co f Canada most valuable original contribution to the steel in- 
wshit fer met tinues h dustry during the past year 
lies at Queen's University, Kingston, On 
Raymond P. Pritchard was graduated from Purdue 
Ernest S. Kopecki, for etal ical editor of the last June. He is working as a special apprentice on a 
Iron A ha ‘ th f of t Pennsylvani two-ye raining course of the Continental Foundry 
Salt Co., 1000 Widener Bi I idelphi d Machine Co. of East Chicago, Ind 
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Alan W. Postlethwaite completed requirements for an 
S.M. degree in metallurgy from MIT in September 
and on Oct. 10 joined the metallurgical laboratory of 
the Gillette Safety Razor Co., Boston, Mass 


Charles E. Rogers has been promoted to sales metal- 
lurgist by the Stoody Co., Whittier, Calif. His new 
duties will include general engineering help and ad- 
vice to users of Stoody hard-facing alloys 


Donald G. Schmidt is working for H. Kramer and Co., 
Chicago, Ill. He graduated from Missouri School of 
Mines and Metallurgy with a B.S. degree in metal- 
lurgical engineering in June 1948 


Jay F. Silva is employed as a metallurgist at the 
Bureau of Mines station in College Park, Md 


George Vassilopoulos is working at the Brookhaven 
National Laboratory, Upton, L. I., as a junior metal- 
lurgist 

David L. Watts has resigned as smelter superintend- 
ent with the Calumet and Hecla Consolidated Copper 
Co. to accept a post with the Phelps Dodge Refining 
Corp., Maspeth, L. I 


George Sachs is president of the new established 
Metals Research Associates, Cleveland 6, Ohio. H. P. 


Croft is also an officer in the firm which will assist 
the metallurgical and related industries in the 
organization of 

research, devel- 

opment, and 

plant improve- 

ment in the 

field of casting, 

processing, fab- 

ricating, and 

heat treating 

Mr. Sachs has 

been awarded 

the War and 

Navy Depart- 

ments Certifi- 

cate for an out- 

standing contri- 

bution to the 

work of the 

OSRD during 

World War II. 

GEORGE SACHS 

John S. Winston is a full-time instructor of physical 
metallurgy at the Missouri School of Mines and 
Metallurgy, Rolla, and is enrolled as a part time 
graduate student 


Obituaries 


Leopoldo Barcena y Diaz, founder of Cia. Auxiliar de 
Mineria y Metalurgia, Bilbao, Spain, died on Oct. 9, 
1949. Mr. Barcena was considered a pioneer in the 
flotation of minerals in Spain. He was born at Bar- 
cenaciones, Santander, in 1891 and studied at Escuela 
Especial de Ingenieros de Minas de Madrid. His first 
job as mining engineer was in the Reocin mine oper- 
ated by Real Cia. Asturiana de Minas for whom he 
built a pilot plant and washer, modernizing and en- 
larging it in later years. He became subdirector of 
the Reocin mine in 1930 and director of the Santan- 
der department of the company in 1936, and was 
active in executive posts of several other concerns 


Ralph McLane Bowman ‘Member 1940), buyer of 
raw materials for the Republic Steel Corp., died 
June 18, 1949. During the decade following gradu- 
ation from Cornell, Mr. Bowman designed bridges 
for various companies and in 1920 became assistant 
purchasing agent for the Otis Steel Co., buying mill 
machinery, supplies, and refractories. In 1925 he 
joined Republic Steel, buying all refractories for the 
Corporation, all ferroalloys, other raw materials, 
making investigations of limestone properties, and 
methods of manufacture of numerous commodities 
used in steel plants and blast furnaces 

William E. Brewster ‘(Member 1933), who retired as 
manager of operations for the International Harves- 
ter Company's steel division last January, died Dec 
18, 1949. An appreciation of Mr. Brewster will appear 
in a forthcoming issue of the Journal 


Carter Stanard Cole ‘(Member 1942), staff engineer 
for the American Society for Testing Materials 
Philadelphia, died Nov. 17, 1949. He was 53 years old 
Mr. Cole worked for the Pennsylvania Railroad from 
1919 to 1928, during which time he invented an indi- 
eator for feed water pumps which was adopted as 
standard by the railroad. In 1928 he began his asso 
ciation with the Copper and Brass Research Asso- 
ciation. He edited the Association’s technical hand 
books and was particularly active in the study of 


water corrosion 


Thomas Arnold Dickson (Member 1941), president of 
the Colorado Iron Works Co., died in Denver on Oct 
19, 1949, at the age of 63. Ted Dickson was born in 
Leadville and his career, a brilliant one, was in the 
familiar American tradition of coming up the hard 
way without benefit of formal technical training 
Unable to complete his education, he started as a 
smelter chemist’s assistant, and at the age when 
many young men are starting their professional 
career, he was in charge of smelters in Mexico and 
Arizona. Later he branched into cyanide work on 
the Comstock Lode. Between employment on oper- 
ating assignments he worked for Colorado Iron 
Works as a salesman of metallurgical equipment, lay- 
ing the ground work of what was later to be his life 
work. In 1917 he returned to Colorado Iron Works as 
general manager and eventually acquired ownership 
of the company. His career as a machinery manu- 
facturer is without parallel. Few men knew the 
smelting and milling business as well as Ted; he was 
responsible for the development and wide acceptance 
of the Akins classifier. His inventiveness is witnessed 
by the ownership of various patents relating to roast- 
ing and classification processes and he was always 
on the alert to improve his company’s products 

Solomon R. Guggenheim (Member 1923), 88-year-old 
mining magnate and last of the famous Guggenheim 
brothers, died Nov. 3 at his home on Long Island 
Fourth of seven sons of a Philadelphia importer, 
Solomon was born when interest in the mineral re 
sources of the West was on the rise. He gained 
mining know-how by investigation of prospective 
mining property purchases for his father, a cautious 
investor who had one of his sons look into a deal 
before its consummation. Solomon's first appraisal 
was a one-year stay at Leadville, watching operations 
of the AY. and the Minnie, as well as the Phila- 
delphia smelter there. In 1889 he went to Mexico to 
take charge of the construction of the first lead- 
Silver smelter; in 1891 he negotiated the purchase of 
a copper mine to add to the firm's holdings. Guggen 
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heim Brothers’ earnings from these, upon merging 
with AS&R in 1901, including a smelter in Pueblo and 
a refinery in Perth Amboy, totaled $4,500,000. William 
eventually withdrew from the firm, which had moved 
into finance and banking as well as mining, but six 
brothers carried it on as a tightly owned family cor- 
poration. AS&R acquired control of mining opera- 
tions all over the world. Holdings of the Guggenheim 
Brothers were carried in individual Guggenheim 
names, with Solomon delving into Chilean nitrates 
while acquiring large Kennecott Copper holdings 
In January 1940 he held 162,000 shares in Kennecott 
and this part of the family interests even through 
depression years had brought in a return up to $565,- 
922 in one year 

One of Solomon's major contributions to the fra- 
ternal fortunes was that of weather-vane, predicting 
future courses from public utterances of politics, 
election returns, and general trends 

In the business world the Guggenheim brothers 
were a unit; in the field of philanthropy each gave 
according to individual desires, but all were incon- 
spicuous in doing it. Most of Solomon's many gifts 
were never known to the public; he gave munificently 
and quietly. Nonobjective art interested him in later 
life, an interest aroused by people calling it bunk 


Cecil Hubert Lenhart (Member 1944), who resigned 
last year as general superintendent of the steel plant 
of the iron and steel division of the Kaiser Co., Fon- 
tana, Calif., died on Oct. 18, 1949 at his home in Cali 
fornia. Since leaving Kaiser he had been associated 
with H. A. Brassert & Co. Mr. Lenhart had worked 
for Carnegie-Illinois as assistant general foreman 
and assistant superintendent of blast furnace. In 
1942 he joined the Kaiser Co 


William Walter Taylor ‘Member 1939 whose last 
ob was with Stone & Webster Engineering Corp. for 
the Tennessee Gas Transmission Corp., died in his 
leep Aug. 13, 1949. Varied engineering and construc 
tion work for mining companies in the States, Can- 
ida, and Chile preceded the post of construction 
superintendent for D. P. Robinson on sulphur and 
‘steam plants and a sugar refinery. From 1931 to 
1937 he was superintendent of construction for M. W 
Kellogg in charge of a variety of jobs and in 1938 he 
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was in charge of the installation of equipment at the 
Irvin works of the U.S. Steel Corp. He worked for 
Ulen & Co. and for J. G. White and in 1943 was pro}- 
ect manager on Plancor 880, a large 100 octane avi- 
ation gasoline refinery. A year later he was in Con- 
cepcion, Chile, constructing a :arge steel plant for 
Cia. de Acero del Pacifico 


Algernon S. Schafer (Member 1928), retired senior 
partner of the brokerage firm of Schafer Brothers 
and a member of former Governor Herbert H 
Lehman's military staff, died Feb. 12, 1942. He had 
been appointed to the Office of Production Manage- 
ment in Washington, but a heart attack prevented 
his continuing in the post 


Leland Edward Wemple ‘Member 1916), former pres- 
ident of the Lllinois Zine Co., died Jan. 3, 1947. He 
had worked for Ame.ican Zinc, Lead & Smelting, and 
American Zinc Oxide, and in 1923 became vice-presi- 
dent and general manager of Illinois Zinc 


Fred L. Wolf (Member 1918), for many years techni- 
cal superintendent of the Ohio Brass Co., died at Ann 
Arbor, Mich., Sept. 27, 1949; he was 64. During the 
late war, he served as chief of the mica, graphite and 
rare minerals division of the WPB and after the war 
became a member of a committee appointed by the 
Technical Industrial Information Committee to re- 
port on nonferrous foundries, ingot producers, and 
pearlitic malleable producers in Germany After 
graduating from the University of Michigan, he 
worked for the Detroit White Lead Works, then went 
to Cobalt, Ont., as superintendent of the Silver Lode 
Mining Co. His association with Ohio Brass started 
in 1911 


Joseph C. Yob (Member 1936), manager of the Phil- 
ipsburg Mining Co., died Feb. 18, 1949 in Santa 
Monica, Calif. Mr. Yob was born at Hurley, Wisc., 
58 years ago. He had worked for Boston Montana 
Mining and Development Co., the Jib Consolidated 
Mining Co. and the Jefferson Milling Co. In 1926 he 
joined the Granite-Bimetallic Consolidated Mining 
Co., which consolidated with the Philipsburg Mining 
Co., erecting a 200-ton flotation mill for retreating 
100,000 tons of tailings. He also designed and built 
other flotation mills for the company 
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San Francisco Crosby Winfield 11! (Cc 
Hoskins, Charles Becker. (C S—J-3 
Santa Barbara~Kamprath, Harry Erhard. (RM) 


Taft—Oliphant, John Joseph. (M) 


Colorade 

Climax—Boone, James Robert. (C S—J-M). Enzmann, Rob 
ert Duncan. (J) 

Denver—Bush. Herbert Howard. (J). Carlile, Jessie Craw 
ford M) 
Franklin. (C S—J-AM). White. Robert. (M). Wilson, Glenn 
Ogden. (M 

Grand Junction— Freeman, Val LeRoy. S—S-J) 
Leadville—Tyler, Edmund Andrew. (R, C S-J-M) 
Rifie—Russell, Paul Latimer. (C S—J-M) 


Bridgeport—-French, Rolland Sydney. (C S-J-M) 
New Canaan—Goodyear, Austin. (AM) 
Woodbury Heslin, Gerard Matthew. (M) 


District of Columbia 
Washington Lillie, Charles Robert. (C 


Florida 
Lakeland Gabeler, William H. «M) 
Plant City Bender, John Andrew. (J 


Idaho 
Kelloga—Preston, Kenneth L. «R, C S—S-M) 
Wallace—Holiister, Victor Frederick. (C S—S-J) 


IHineis 

Champaign Jackman, Harold Wesley. (M) 

Chicago Berman, Frank. (R, C S-S-J) Koehler, Ernest L 
ics J-M Murphy, John Benedict. (M) 


East St Louis Hicks, Harold Newton. (M 
Salem Hockman, James Noah. (M) 


Indiana 
East Chicago—Andberg, Ernest J. (R, C S-S-M) 
Fort Wayne Mancini, Peter Vincent. (J) 


Gary Sadowsky, Maurice J. 


Kansas 

Augusta Holsapple, Lawrence William. (M) 
Eureka Campbell James Leslic iC /S—S 
Garden City Miller, Loyle ic S—S-J) 


Haws Rogers, Arthur Marion. «(M) 


Kentucky 

Henderson Meftord, Nace Fennell, Jr. «C 
Pikeville” Batten, Otho Smith. (M) 

Wayland Howard, Noah Daniel. (M) 


Louisiana 
New Orleans Reynaud, Richard Burke. (C/S J). Yeager 
John Glenn. (R, C 


Massachusetts 
Brookline—Castleman, Louis Samuel, S-—J-M) 


Cambridge Cremer Walter S-. 
Hinsham— Pepper, Edward Lanning. (C S—J-M) 
Milton Stewart, Robert William (CS 


Michi 
Ann Sinnott, Maurice J. «C S-J-M) Strong, Rich 
ard. S-S-J) 

Clare— Burgess, David Miller Ir. S—8-J 

Wakefield Haller, Harry Frederick. (C S-J-M) 


Minnesota 

Hibbing Miller, William Chellis. «C S-—S-J) 
Duluth—Netschert, Bruce Carlton. (C/S—-S-J) 
St. Paul—Sorenson, Roy T. (C S-S-J) 


Missouri 

Bonne Terre Tittman, David William. (C J) 
Flat River Henry, Ralph Lavern. 
Rolla Nelson, Harve Preston, (C S-J-M) 


Montana 


Butte—Lyons, John Seth. (C S-J-M 
Nebraska 
Omaha Parsons, John Stevet (Cc /3—8-J 


New dersey 
Carlstadt Dwyer, Thiel Enos. (C S-J-M) 
Cedar »ve—Faulkner, Ross Hilton. «(M) 


Glen Rock 
Highlands 


furray Hill 
Nutley—Perebinossoff, Andre A. (M 

Perth Amboy Muccilli, Philip 

Plainfield. Spaulding, Hugh Kenneth ic 
Short Hills. Kennedy, Edwin L. (AM) 


Humphreys, Ira Boyd. (M) Owens, Marvin 


Summit Murphree, Eger Vaughan (M) 


Weehawken Pinel, Maurice Louis. J-M) 

West Orange-Bivens, George Allen. (C 5-5 J) 

Westwood—Seibert, Walter Emil, Jr. S-—-S-J) 

New Mexico 

Carlsbad Erskine, Neil Markham. (M)} 

New York 

Bronxville—Lyon, Emmett Jefferson. (M) 

Carle Place--Ried, Robert C. S-—J-M) 

Elmhurst—Silk, Edmond John. (M) 

Glen Cove—Drury, Maynard Kane. (C S—J-M) 

Glen Head—Doubleday, G. Chester, (M) 

Hamburg—Creighton, James A. (M) 

Laurel Hill--Barkell, Howard. (R, 

Lockport—Clark, Donald L. (C S—J-M) 

Malverne—Kretschmann, Raymond Joseph. (J) 

Mamaroneck Wachtell, Richard Lloyd. (J) 

Manhasset Conkey, Henry George. (M) 

New York.Bowman, Thomas Parker. (M). Callery, Francis 

Anthony. (M) Carberry, T. Frank. (AM) Friedlander 

Kurt A. (AM). Glaser, Frank W. (J). Johnson, Donald 35 

(M). Kalil, Eugene Joseph. (C S-—J-M). Sherman, Arthur 

J-M). Steinitz, Robert. (M). Van Paasschen, Jacob i 

(Cc 'S—J-M) 

Scarsdale Garretson, Mrs Mary Welleck. (M) Godinez 

Manuel. (M) 

Tuckahoe—Stern, James Alan. (C J-AM) 

Waccabuc Parker, Robert Boyd (AM) | 

North Carolina 

Asheville-Hudspeth, William Roy, Jr. (J ois 

Ohio 

Cadiz Mills, Edwin Lewis. (R, C S-AM-M} 

Cleveland Perout, Emil. (C S-S-J). Ricksecker, Ralph E 

(M). Rozalsky, Irving. (J). Steinberg, Morris Albert. (C/S 

J-M) 

Columbus DuMont, Charles Siereon, (C S-J-M) 

Cuyahoga Falls—Thompson, James Robert. (M) 

Gates Mills—Bigler, William Paul. (M) 

Mansfield Ubl, Marion C. (C S—J-M) 

North Jackson—Fisher, Edward J. P. 

Worthington Flint, Norman K. (R, C S-S-J) 

Oklahoma 

Bartlesville-Bartz, Mahlon Hugh J-M). Wey, John 

Edward. (C 

Duncan Lowary, Thomas Blaine. (J) 

Norman Wolbert, George Smith, Jr. (C S-J-M) 

Oklahoma City—Eisner, Stephan M. (C S-—-S-J) Janovy 

John. 

Tuisa— Davis, Warren B. (C S—J-M). Hall, Albert Le Clair 

(M). Kaye, Emby. (M). Schluntz, E. Kenneth. (C S—-J-M) 


Pennsylvania 

Apollo Kommel, Arthur Richard (C 5 J-M) 

Bethlehem—Hoy, Robert Beck. (C S-J-M). Kaulfuss, Ernest 

J. «Cc /S—J-M) 

Butler—- Hindman, Robert Paul (M) 
Coraopolis —Maratta, William. (C S-J-M) 

Cornwall—Bingham, John Paul. (R, C S-S-M) 

DuBois Bromtield, Rendle T. (M) 
Glenshaw Newhall, Henry Sylvanus. (C S-J-M) 

Hazleton Boddorf, Raymond Deane. (M). Middleton, Harold 
Rosencrans (M) Owens Harry Casselberry (AM) 
Schwartz, Arthur Dick (AM) 

Lancaster— Biemesderfer, George Keener. (AM) 


New Castle Klugh, Howard E. (M). Lewis, Hamilton Ward 

Philadelphia Eckmann, Henry Adolph. (C S—J-M) 
Pittsburgh Coonrod, Forrest Pinkston Hull 
Frederick Charle ic J-M Joy, Joseph “rancis. (R 


Loria, Edward Albert. J-M) Myers, Howard 

Burton. S—J-M) 

Temple—Myers, Philip Benham. (C S—J-M) 

Vandergrift  Godleski, Stephen. (M) 

Verona Anderson, William Albert. S J-M) ¢ 
Waynesburg Robson, Orval. (M) 


seuth Dakota 
Philip. O'Neal, Lewis Merle. (C S-S-AM) 
Rapid City Van Duzee, Gerald Robert. (C S—J-M) 


Oak Ridge Murray, George Thomas. (R, C S-S-J) 


Texas 
Bellaire Simpson, Raymond Elisworth, Jr. (J) 
Dallas Coles, Burton Everett Jr. (J) Cook, Evin Lee 


(M) Davis, Roger Hugh. (C/S-J-AM) Fort, Ellsworth 
William. (R, CS J-M). Haynes, James Morton. (M). Jen 
ins, Rodman. (J). Mitchell, Joseph Augustus. (AM). Scott 
Erwin Ralph. C 

Fort Worth Robinson, Reginald Lawrence. (AM) 

Freeport Elder, Harvey Bernard, Jr. (C J) 
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12:30 and moving over ! ar oom at Institute ind to discontinuous paging in the 
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erm of office editor the three journals published by the 
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actions volume ntaimi the technical papers pub na not necessarily mean that each jour- 
lished in the journal qurl the year. Thus, instead nal will limit its personals to items about the mem 
of Vol 2 of ME and 1M during 1950, the volume num bers of its own Branch, for it is expected that each 
bers will be 187 and 188 respectively. Also the A 
editor will also carry the more important items about 
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and the possibility of complete elimination of the 
names of applicants is being studi J 

Plans for increasing the advertising in all three 
journals were also announced. The Journal of Petro- 
leum Technology will turn over advertising solicita- 
tion of new prospects in eleven Western states to the 
firm of McDonald-Thompson, of San Francisco and 
Los Angeles, and the Mining and Metals journals 
will appoint an advertising man with headquarters 
in Chicago, who may also be asked to solicit advertis- 
ing in the Petroleum journal. Final approval for the 
appointment of the Chicago representative was voted 
at the meeting of the Executive and Finance Com 
mittees on Dec. 7. 

In line with recommendations made in the Johnson 
Committee report two years ago, H. Newell Appleton 
was appointed in charge of internal business admin- 
istration and office management at AIME head 
quarters. He will report to the Secretary, as before 
but will have authority and responsibility for the 
conduct of business at Institute headquarters with 
the maximum efficiency. Mr. Appleton has served 
the AIME most effectively for 21 years in many 
capacities and is favorably known to many of those 
who have attended its conventions 

Further attention was given by the Board to a 
matter that had come up at the October meeting of 
the Finance Committee: what to do about the Engi- 
neering Societies Building. Costly repairs are immi 
nent and the building is inadequate to meet the 
needs of its occupants. The feeling of the committee 
that has been studying the matter, as reported in 
person by William N. Carey, chairman, and secre 
tary of the ASCE, is that serious consideration should 
be given to securing, or constructing, a new building 
and selling the present one. Many have also ques 
tioned whether or not the Founder Societies should 
continue to give the present substantial support to 
the Engineering Societies Library, and a home for 
this also enters into the picture. The United Engi 
neering Trustees Real Estate Committee was en- 
couraged by the Board to continue its study of the 
possibility of new quarters for the societies 


Official announcement was made of the election of 
the AIME officers presented by the Nominating Com 
mittee and published in the July issues of the jour 
nals. The ticket is headed by Donald H. McLaughlin 
as President for 1950, with Andrew Fletcher and Rob 
ert W. Thomas as Vice-Presidents, and Harold Decker 
Francis B. Foley, E. C. Meagher, C. V. Millikan, Gail 
F. Moulton, and Howard I. Young, Directors. Divi- 
sional Chairmen, and Directors ex officio for next 
year, are: Mining, Geology. and Geophysics, P. J 
Shenon: Minerals Beneficiation, Grover J. Holt 
Coal, Carroll F. Hardy: Industvial Minerals, Richard 
M. Foose; Institute of Metals, Maxwell Gensamer 
Iron and Steel, H. K. Work: Extractive Metallurgy, 
Carleton C. Long; Petroleum, John E. Sherborne 
Mineral Economics, Charles H. Behre Jr.: and Min 
eral Industry Education, Allison Butts 

Some discussion was devoted to a recommendation 
of the Coal Division that the initiation fee for Mem 
bers and Associate Members be reduced from $20 to 
$10: this would reduce AIME income from that source 
by about $9000 a year, which might be offset by the 
enrollment of a larger number of new members. It 
was thought that greater publicity should be given to 
the fact that the present initiation fee could be paid 
in four annual installments of $5 each on request 
about 17 percent of new members now taking advan 
tage of this privilege. One suggestion was that no 
initiation fee be charged Junior Members when they 
must change their status to Associate or Member at 


age 33 but that the fee be charged in gradually in- 
creasing amounts, according to age, thereafter. It 
was decided to discuss the matter further at the An- 
nual Meeting. How to handle the finances of Insti- 
tute, Branch, and Divisional meetings, carrying out 
the idea that they should be self-supporting, also re- 
ceived attention by the Directors, with final decision 
to be made later. 

The Mineral Industry Education Division was au- 
thorized to proceed with the implementation of its 
suggestion that a new major AIME award be given 
for notable contributions to mineral industry educa- 
tion. Approval was voted to the “Canons of Ethics 
for Engineers” adopted two years ago by the Engi- 
neers’ Council for Professional Development; the 
AIME had previously not subscribed to any such code 
An invitation was presented for the AIME to suggest 
a candidate for the award of the Kelvin Medal in 
1950 by the Institution of Civil Engineers, of Great 
Britain. The medal is given for “distinguished service 
in the application of science to engineering.” The 
Secretary will be glad to have AIME members sug- 
gest names for this honor 

Appointments to committees authorized by the 
Board include: Jack I. Laudermilk as vice-chairman 
of the Technical Publications Committee in lieu of 
Anthony Anable, resigned; Harold M. Bannerman on 
the Auxiliary Publications Committee of the Indus- 
trial Minerals Division, Oliver Bowles having de- 
clined; Francis B. Foley reappointed to represent 
AIME in the American Documentation Institute; 
James A. Barr to represent the AIME on the Com- 
mittee on Deep Well Vertical Pumps, of the Ameri- 
can Standards Association; A. Rodger Denison re 
appointed to represent AIME in the American Geo- 
logical Institute; C. B. Sawyer to take the place of 
C. H. Mathewson, resigned, on the Council of the 
American Association for the Advancement of Sci- 
ence; Morris Muskat to represent AIME on the Com- 
mittee on Fluid Permeation of the American Stand- 
ards Association; and Manuel B. Llosa A. and A 
Russell Merz to represent AIME at a meeting of the 
Peruvian Institute of Technical Valuations at Lima, 
Dec. 8-15 


Sherwin F. Kelly reported on a meeting that he had 
attended as an AIME delegate—that of the First 
Pan-American Engineering Congress at Rio de 
Janeiro, July 15-23. He urgently recommended that 
AIME lend its wholehearted support to the continued 
existence of PAEC ‘UPADI) and take an active inter- 
est in the work of that organization 


Directors present, besides President Young, were 
Messrs. Alford, Benedict, Daveler, E}kins, Head, Kin 
zel, Kraft, McLaughlin, Meyerhoff, Millikan, Peirce 
Phillips, Rhines, Schumacher, Sullivan, Swainson 
Swift, Williams, and Wrather 


At a meeting of the Executive and Finance Com- 
mittees on Dec. 7, with President Young and Messrs 
McLaughlin, Schumacher, Daveler, Weed, and 
Fletcher present, various more or less routine and 
minor matters were disposed of. Approval was voted 
of a new Affiliated Student Society at the College of 
Engineering, New York University, with John P 
Nielsen as Faculty Sponsor and Edmund M. Wise as 
Counselor 


The following prices were set on volumes in the 
Institute of Metals Symposium Series ‘superseding 
previous prices): Vol. 1, Nonferrous Melting Practice, 
and Vol. 3, Rod and Wire Production Practice, $2 to 
members and $3 to nonmembers; Vol. 2, Nonferrous 
Rolling Practice, $3 to members and $450 to non 
members 
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to obtain uniform bath composition 


Reladling 


fips matter of uniform bath composition has 
always been of great concern to makers of 
electric-furnace steels. This problem is consid- 
erably accentuated in the manufacture of steels 
containing high chromium contents, because of 
the processes involved. In melting high chro- 
mium steels by using a process involving high 
percentages of chromium-bearing scrap and 
chrome ore, with a subsequent chromium reduc- 
tion from slag to metal at high temperatures, or 
by a practice involving large ferrochrome addi- 
tions, the stratification of chromium has been 
regarded as a matter of vital importance 
Obtaining a bath of uniform chemical com- 


J. J. Green is Melting Dept. Metallurgist for Uni 
versal-Cyclops Steel Corp., Bridgeville, Pa 

This was a paper presented before the Seventh An- 
nual Electric Furnace Steel Conference, Iron and 
Steel Div., AIME, Dec. 8-10, Pittsburgh 


position by the usual method of stirring with 
steel rabbles has not always proved satisfactory 
It is particularly difficult to stir the bath prop- 
erly by the use of steel rabbles when excessively 
high temperatures are obtained after slag reduc- 
tion because of the consequent rapid melting of 
the rabbles. A number of companies have made 
mechanical mixers for stirring the bath, but these 
devices are usually quite large and could not be 
readily adapted to our practices 

In an attempt to obtain a more uniform bath, 
the idea of tapping out a portion of the metal 
was conceived, and then pouring it back into the 
furnace over the lip of the ladle, thus duplicating 
to some extent, the type of mechanical mixing 
that occurs during the tapping of a heat 

This plan could easily be fitted into practice 
in the Universal-Cyclops plant, since on all of the 
furnaces the roofs can be lifted and the furnace 
shells proper can be moved out from under the 
electrodes, thus making the return of the metal 
to the furnace a simple operation 

rhis process, which is now a standard practice 
for all straight-chrome stainless iron alloys and 
chrome-nickel stainless grades, is termed “re- 
ladling”. The mechanical mixing of the bath 
thus obtained has resulted in the complete elimi- 
nation of discrepant results due to an insuffi- 
ciently mixed bath 

Before the reladling practice was started, 4.7 
pet of off-analysis heats could be attributed di- 
rectly to stratification of chromium in the fluid 
bath. Since the reladling practice has been in 
effect, this figure has been reduced to under 2 
pet, the over-all improvement from this cause 
being approximately 70 pet. The other elements 
such as manganese, silicon and nickel, have not 
given as much trouble as chromium. However 
after reladling, it has been possible to control 
bath composition of all elements more closely 

In taking a preliminary test to check bath 
composition, two samples are taken from differ- 
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ent parts of the furnace. An examination of the 
chromium results on the last 600 stainless heats 
made has disclosed that on 80.5 pct of the heats 
the variation in chromium on the two tests was 
less than 0.10 pet, and on only 1.3 pet of the heats 
was the variation over 0.25 pet. The high per- 
centage of heats showing such good agreement 
in analysis has saved much furnace time other- 
wise lost while waiting for a second preliminary 
determination when the first two samples were 
not in agreement. It has also reduced the num- 
ber of determinations required of the chemical 
laboratory, and only on very rare occasions is it 
felt necessary to send a second preliminary test 
to check the first test 
In using the reladling process, other advantages 
have been found that were not anticipated when 
it Was put into general practice. One advantage 
of this procedure is that it cools the bath con- 
siderably. This is a distinct help, since the re- 
ladling operation takes place after reduction of 
chromium from the slag, and the bath is quite 
hot. A temperature drop in the bath of from 
100 F to 200 F is found, depending on the length 
of time in the ladle, the rate of tap, and the rate 
at which the metal is poured back into the fur- 
nace. This is a matter of furnace control, and 
the operator is trained to regulate the reladling 
process so that he is able to control the bath tem- 
perature during the final stage of the heat 
Another advantage of reladling has been that 
it has eliminated an objectionable job performed 
by the furnace crews. Standing in front of a hot 
furnace rabbling a heat with a heavy steel bar is 
not a very desirable job. This is one case when 
there is no need for insisting that a furnace op- 
erator perform an undesirable job, as it can be 
done so easily by reladling. Needless to say, the 
furnace crews are sold 100 pct on reladling 
Since the reladling operation has been in regu- 
lar use, a much closer control of our analyses has 
been obtained, and it has been possible to melt 
to relatively narrow aims within any given speci- 
fication. Before reiadling, the chemical specifi- 
cation to which Type 301 stainless was melted in- 
cluded a 1', pet chromium range, and a 1 pet 
nickel range. With the institution of the rela- 
dling practice, these ranges have been substan- 
tially narrowed, and it is of interest to know that 
on the last 300 heats of this grade that have been 
made, 87 pet of such heats have finished within 
a plus or minus range of 0.35 pet for chromium 
and 95 pet of the heats have finished within a 
plus or minus range of 0.25 pet for nickel 
Steelmakers have always been faced with the 
necessity of making heats within a desired speci- 
fication, and today the limits to which heats must 
be melted are becoming closer and closer. By us- 
ing the reladling operation it is possible to melt 
heats to close chemical analysis by having a uni- 
form bath composition before making final alloy 
additions 
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by H. R. Hanley 


N the zine industry progress has been made in 

newly designed equipment of unprecedented 
size and functional characteristics. This is evi- 
denced by fiash roasters, sintering machines, high 
frequency melting furnaces, zinc condensers, and 
other large units. Progress has been made also by 
improved operating features with old equipment. 

Desulfurization: Two Herreshoff roasters of 
the National Zine Co. at Bartlesville, which have 
been in service over 21 yr, were given major re- 
pairs during the summer and are again in 
operation. 

The staff of the Blackwell, Oklahoma plant of 
the American Metal Co., probably the largest of 
the horizontal retort plants in existence (11,200 
retorts, 5600 of which are charged daily) has been 
conducting small scale experimental work on 
sintering green ore. Successful operations of this 


H. R. Hanley is Professor of Metallurgy, School of 
Mines and Metallurgy, University of Missouri, Rolla, 
Mo. 


type of sintering have been carried on by the Na- 
tional Smelting Co. in Swansea Vale and Avon- 
mouth for the past 20 yr. As a result of this ex- 
perimental work a large sintering plant has been 
authorized to desulfurize and sinter all incoming 
sulfide concentrates. This will be done on one 
large machine, 168 ft long and 12 ft wide over the 
wind boxes. It is being designed and built by the 
American Ore Reclamation Co. of Chicago, which 
firm is also designing the entire plant. A North- 
ern Co. automatic bag house is being installed to 
collect the cadmium dust from the sintering 
operation. 

The plant is designed to produce sinter from 
more than 600 tons of sulfide concentrates per 
day and will operate 5 days a week. This will 
allow 2 days a week for inspection and mainte- 
nance of plant equipment. No acid plant is con- 
templated at this time but the plant is so de- 
signed that acid could be made when conditions 
warrant. This method of operating eliminates 
the necessity of carrying swing crews and there- 
fore reduces the normally required number of 
skilled operators 

The New Jersey Zinc Co. (Pa.) has put into op- 
eration the largest flash roasting unit built to 
date, with a capacity of 250 tons of zinc sulfide 
concentrates per day. The roaster is built with 
drying hearths at the bottom, permitting the use 
of a stub shaft to carry the rabble arms and 
eliminating the necessity for extending the shaft 
through the entire height of the furnace. 

A new sintering machine has been installed, 
72 in. wide, built by the American Ore Reclama- 
tion Co. with a daily capacity of 600 tons of sul- 
fide concentrates. A new acid plant of 250 tons 
daily capacity, using Monsanto designed vanadi- 
um catalyst with three stages of conversion, has 
also been installed at Palmerton 

During 1948-49, at their Westport, Conn. labo- 
ratories, the Dorr Co. has conducted a long series 
of roasting tests on zinc flotation concentrates 
using their Fluo-Solids process. It has produced 
successfully a sweet roast yielding a calcine hav- 


Zinc Metallurgy 


in 1949 


ing many advantages for the electrolytic zinc 
process. In a similar manner desulfurization was 
terminated at 5 pct; this amount supplying fuel 
for subsequent sintering prior to distilling. Again 
the calcine appears to be ideal for the purpose in- 
tended. The very close control of temperature 
and stack gas composition seems to make the 
Fluo-Solids process ideal for zine roasting. When 
acid is to be made, the strength of the SO. gas 
can be adjusted to suit desired conditions up toa 
maximum of about 14 pet SO. with a minimum 
production of SO.. No commercial or pilot plant 
installations have been made as yet but may be 
shortly. 

The sintering of raw zinc concentrates, yieid- 
ing SO, for acid production, by the National Zinc 
Co., Avonmouth and Swansea Vale, continues at 
the customary ratio 5:1 (return sinter:raw con- 
centrates). Some modifications of this process 
are envisaged which should be implemented in 
the near future. 

The large sulfuric acid interests of this com- 
pany has taken it into the fluorine field and a 
commercial plant for the production of high 
grade anhydrous hydrofluric acid has been in op- 
eration during the year. Note: Considerable in- 
terest has been aroused in diecast electrical 
conduit fittings made by this company from Ma- 
zak alloys. Considerable care, however, is neces- 
sary in their installation in certain surroundings. 

Developments at the Selby plant of the Amer- 
ican Smelting & Refining Co. represent the first 
commercial operation employing only two stages 
of sintering raw lead concentrate, with recircula- 
tion of part of the SO. gases for making contact 
acid or liquid SO.. The concentrated gases from 
the second-over machine are actually higher in 
SO. content than those from the higher sulfur 
first-over charge, both being above 6 pct. This 
type of desulfurization has replaced the multiple- 
hearth roaster at this plant except for shutdowns 
or other contingencies; its extension to zinc con- 
centrates will be of interest. 


Retorts: Controlled drying of retorts was devel- 
oped at the Donora (Pa.) Works of the American 
Steel & Wire Co. and a paper on this develop- 
ment was published in the July issue of the 
Journal of Metals (R. R. Fuslang and D. H. Wertz, 
authors). 

The controlled drying process depends upon 
circulation at low velocity of a large volume of 
conditioned air among the moist retorts. After 
placement of the retorts in the drying room with 
the stack dampers and room doors closed, they 
stand at the existing temperatures until the 
following morning Then air circulation § is 
started and continued for 48 hr at a dry-bulb 
temperature of 120 F and 72 pet humidity. The 
wet-bulb temperature for this humidity is 110 F 
which remains constant throughout the drying 
cycle. Then the dry-bulb temperature is raised 
according to a routine which develops a pro- 
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gressively decreasing humidity for 80 hr, ending 
at 170 F, with a final relative humidity of 17 pct. 
At this point the fresh air and stack dampers are 
opened and fresh air heated to 170 F sweeps 
through the room for the next 16 hr to complete 
the drying cycle. These 96-hr dried retorts are 
in a condition equivalent to the retorts dried for 
45 days in the conventional manner 

The National Zine Co. at Bartlesville, Okla., 
has installed deairing equipment in the pottery 
department with indicated improvements in 
quality and life of retorts thus fabricated 


Distilling Furnaces (Horizontal Retorts): A 
new block of furnaces was built during the first 
half of the year by the National Zinc Co. (Bart- 
lesville) and put in operation in June, replacing 
two old and smaller blocks. The new block is of 
the split type with 208 retorts on a corner or 832 
for the full block. Its capacity is 50 tons of 
oxidized or sintered zinc material per cycle (48 
hr). One stove or end is charged one day, the 
opposite end the following day. Retort residues, 
when commercially valuable, are beneficiated by 
a magnetic concentration process 

A new rod mill for mixing charges immediately 
before charging into retorts has been installed 
at the Machovec Smelter of the American Zinc 
Co. of Illinois, at Dumas, Texas. This provides a 
heavier charge per retort and is a notable im- 
provement 

Some progress has been made in mechanical 
charging of retorts at the Amarillo plant of the 
American Smelting & Refining Co 


Continuous Distilling: The New Jersey Zinc Co 
(Pa.) has installed additional vertical retort fur- 
naces, replacing the remaining horizontal ones 

A new type of condenser has been developed by 
this company and placed in commercial opera- 
tion during the year. A motor-driven impeller is 
employed which maintains showers of liquid zinc 
to scrub the gas-vapor stream. The heat of con- 
densation is removed by water-cooled coils im- 
mersed in the zine bath. This is an innovation 
in the field of metal vapor condensation and is 
one of the outstanding achievements of the year 
Note: A complete pilot plant for flotation was 
added to the research facilities at Palmerton 

Because of the extensive installation of new 
furnaces and accessory equipment by the St 
Joseph Lead Co. in 1948, none is reported for 
1949. Their greatly expanded facilities have re 
quired considerable development work of an op- 
erational nature This company is continuing 
full scale commercial testing of various designs 
of the Weatan-Najarian condensers. Fifty tons 
of zine per day have been tapped from one unit 
regular production usually running between 30 
and 40 tons daily 


Electrolytic Treatment: Operations at Rhodesia 
Broken Hill Norther: Rhodesia have not 
changed materially. Excessive amounts of im 
purities are removed from solutions as routine 
practice. Oxidizing of iron with MnO. ore at 


i 
about 15 m per L HSO prevents the loss of 
this reagent in attacking zine sulfide 

Soluble silica at high concentration is precipi 
tated after neutralizing acidity with powdered 
limestone plus an excess of 3 em per L, when 
heated to 70-75 C with live steam. During this 
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step V_O. and P.O are precipitated as ferric van- 
odate and phosphate respectively and the sur- 
plus iron as hydroxide. The dissolved silica passes 
from a gel to a granular form, readily filterable. 

Purification of solution of electrolytic zinc 
solution at Risdon Tasmania’ is of interest 
Superior results are obtained in precipitation 
of iron at a pH above 4 when the hydroxide is 
formed rather than a basic sulfate. The former 
is easily filtered and washed without cracking 
of cakes, the latter behaves in an adverse man- 
ner. 

Experience at Risdon has shown that the pres- 
ence of a reasonably high concentration of sol- 
uble silica is necessary for the co-precipitation 
of germanium; the latter appears to be sub- 
stantially absorbed on the silica in passing from 
colloidal to granular condition 

A new large induction melting furnace is to be 
installed at Risdon with a power loading of 540 
kw which will be supplied through three electric 
induction transformers attached to the base of 
a rotating furnace unit 

The furnace should be capable of melting 118 
tons of cathode zinc per day with a power con- 
sumption of 110 Kw-hr per ton. The cost of 
power is expected to be less than equivalent fuel 
oil as at present used. Melting in an experi- 
mental furnace indicates an improved melting 


Harry Hey, “The Electrolytic Zine Industry”, 
Fourth Empire Mining and Metallurgical Congress, 
G. B. 1942. 


efficiency of 1 to 1'» pet over previous fuel oil 
operation 

Experimental work is being performed on 
mechanical slab casting of zinc at the plant of 
the Cons Mining & Smelting Company of Canada 
(Trail). When this work reaches the production 
line it will be of interest to all electrolytic plants 


Zine Fuming: The zinc fuming plant of the 
Hudson Bay Mining & Smelting Co., Flin Flon, is 
under construction for the treatment of the large 
accumulation of zine plant residues 

The latter is to be charged to the copper 
roaster, and to pass with the regular calcine to 
the reverberatory copper smelting furnace. The 
usual sequences follow, viz: the copper and 
precious metals will enter the matte while the 
zinc, to a great extent, will enter the slag. This 
procedure is essentially that of zine slag enrich- 
ment; the copper reverberatory slag, without the 
zine plant residue addition, already carries an 
appreciable zinc percentage. The slag is treated 
by a fuming process in which the zine is recov 
ered primarily, as oxide in the following steps 


(1) Holding furnaces (2) Fuming furnaces 
(3) Boilers (4) Cooling tubes (5) Bag house (6) 
Oxide leaching plant 


The bag house oxide is to be leached with acid 
and the resulting zine sulfate solution will join 
the primary solution flow of the present electro- 
lytic zine circuit 

The existing zine plant is being expanded for 
higher production tonnage by increasing the 


solution purification section of the leaching 
plant, adding two electrolytic cell sections and a 
100-ton melting furnace in the casting plant 
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wir today's emphasis on very fast and 
efficient melting practice, these operat- 
ing data are particularly timely. The author 


Results of 


Optimum 


shows records of actual heats to indicate the 


great advantages accruing from automatic 

current settings, as compared with the results 

obtained with the furnace operator adjusting 
current settings by hand and by guess. 


there isn’t any- 
thing today that is very new 
about optimum current settings 
for fast melting except the ap- 
paratus described by R. M. Bayle, 
of Westinghouse, earlier in the 
Conference. (See Journal of 
Metals, December 1949.) This 
equipment does, automatically 
and better, some of the things 
previously left to the furnace op- 
erator to do by guess and by 
hand 

N. R. Stansel thoroughly and 
completely explained the funda- 
mentals of optimum current in 
the arc, in his book “Industrial 
Electric Heating”, published in 
1933 and now out of print 

N. J. Roberts appeared before 
the Electric Furnace Steel Con- 
ference in October 1944 and pre- 
sented his excellent paper en- 
titled, “Use of Power for Fast 
Melting”, in which basic funda- 
mentals were outlined This 
paper summarized attractive 
benefits obtainable by applying 
these principles to arc-furnace 
melting. 


L. A. Wynd is Electrical Supt., Re- 
public Steel Corp., Chicago. This 
paper was presented before the 
Seventh Annual Electric Furnace 
Steel Conference, Iron and Steel 
Div., AIME, Pittsburgh, Dec. 8-10. 


The opening remarks in Mr 
Robert's paper alluded to Mark 
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Current 
Control 


On Electric Furnaces 


by L. A. Wynd 


FIG 


1—Electric Furnaces operated in the year 1948 showing 
periods with and without automatic control. 
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Twain's classic statement about the 
weather as being applicable to the situa- 
tion with respect to the actual practical 
application of these principles. The au- 
thor of this paper intends to show that 
the principles were not only talked about 
but also something was done about 
them. Results to date substantiate the 
claims made in the closing paragraph of 
Mr. Robert's paper 

The accompanying graphs show the 
results obtained with furnaces operating 
with and without the control which pro- 
duces maximum power in the are and 
attendant high-speed melting 


All furnaces represented are dupli 
cates. Each was a 70-ton, 20-ft shell, 
Heroult type, powered with a three 


phase, 12000 kva transformer having sec- 
ondary voltages of 124, 159, 200, 230 and 


275. Automatic control is used only on 
the three highest voltages 
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FIG 4—Tons of alloy steel per 


December 1948. 
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FIG 2—(Above and Left) Number of furnaces 
operated and operating results with manual and 


FIG 


with automatic control. 


3—(Below) Tons of rimmed steel per fur- 
nace-hour; December 1948. 


10.00 


9.50 


8.00 


7.00 


AUTOMATIC 
CONTROL 


MANUAL 
CONTROL 


graphite electrodes were used through- 
out. 

Data for the charts were taken from 
the “Daily Report of Electric Furnace 
Operations” log sheets kept in the Melt- 
Shop Superintendent's office 

Fig. 1 graphically pictures 1948 electric 
furnace operations with specific dates 
of application of automatic control. It 
ties in with slide fig. 2, curves in fig. 2a, 
fig. 2b and fig. 2c, which show trends 
due to the automatic features. 

The wide variance in these curves is 
attributable to the fact that starting up 
a furnace calls for considerable crew 
training and also results in increased 
charging delays. These factors obscure 
some of the benefits attained by auto- 
matic control. 

The month of December was chosen 
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FIG 5—Tons of steel (all grades) per furnace-hour; FIG 7—Power on to tap—hours per heat for rimmed 
December 1948. heats; December 1948. 
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FIG 6—(‘Above) Electric furnace heat cycle. 
Time values shown are only approximate, and 
chart is used to show relation and sequence of 
elements only. X varies with floor and stock- 
house conditions and number of furnaces 
charging. 


FIG 8—(Left) Power on to tap—hours per heat 
for alloy heats; December 1948. 
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ber 1948. 


as a period to compare perform 
inces of furnaces having auto 
matic controls with those oper 
ated manually. During this peri 
od, five furnaces (Nos. 2, 3, 4, 5 
and 6) operating automatic on 
the three highest voltages were 


compared with furnaces (Nos. 8 
and 9) which operated manual- 
ly on all voltages 

The graphs in figs. 3, 4 and 5 
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FIG %—Power on to tap—hours per heat for all 
grades of steel; December 1948. 


FIG 11—Kilowatt-hours per furnace-hour; 


FIG 10—Kilowatt-hours per ton of steel; December 
1948. 
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show comparative performance 
in tons per furnace hour for dif- 
ferent types of heats and indi- 
cate improved performance on 
all types where automatic con- 
trols were in use 

Fig. 6 graphically represents a 
typical heat cycle for an 8-hr 
heat from tap to tap. Time values 
are only approximate but the ele- 


ments are in proper sequence 
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Melting of the original charge 
and the recharging elements are 
shown as continuous, but actu- 
ally these are broken into small 
increments of charging and 
melting as a few cars of scrap 
become available from time to 
time 

If the charge in a furnace has 
melted down sufficiently to re- 
ceive the recharge, the energy 
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FIG 13—Average delay per heat; De- 
cember 1948. 
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FIG 14—Index of per- 
formance. Kilowatt - 
hours per ton for fur- 
naces with automatic 
control v. furnaces with 
manual control. 
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FIG 15—Index of per- 
formance. Tons of steel 
(all grades) per furnace- 
hour for furnaces with 
automatic control v. fur- 
naces with manual con- 
trol. 
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put into the furnace from that 
point until scrap is actually 
charged is partially wasted. This 
will vary from heat to heat and 
this loss obscures the actual 
benefits from automatic control 
and results in radical! differences 
in energy used per ton of scrap 
melted. 

In order to throw out the time 
variable of repairs, awaiting 


actual charging, 
the charts in figs. 7, 8 and 9 were 
developed. These show a com- 
parison of hours from “power on 
to tap”. However the losses re- 
sulting from recharging delays 
are still in these figures. 

The data in figs. 10, 11 and 12, 
covering pertinent data on power 
and electrodes, are self explana- 
tory 


charging and 


Nov 


Fig. 13 shows average of all de- 
lays per heat. Included in these 
delays are: charging, melting, 
finishing, pit, mason, mechan- 
ical, electrical and power de- 
mand 

The final graphs in figs. 14 and 
15 show the index of performance 
and summarize two of the most 
important results every electric 
furnace operator is striving for. 
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| URING the reducing period in the are furnace 

it is possible to refine the steel with respect 
to sulphur and oxygen to a larger extent than in 
other types of furnaces used in steel-making 
However, as this refining requires a long time, it 
is a fairly expensive process. The reason why it 
takes time is that the reactions in which sulphur 
and oxygen are removed from the steel, take 
place mainly in the surface of contact between 
slag and steel, and thus diffusion processes come 
into the picture 

Trials have been made to accelerate these re- 
actions by means of various kinds of stirring. In 
this paper an account will be given of the results 
obtained with a new type of stirring device, 
which has been developed and tested in Sweden 
during the last 10 yrs 


Sven Fornander is Research Manager of Suraham- 
mars Bruks AB, Surahammar, Sweden, and Folke 
Nilsson is General Manager, Hagfors Steelworks, Ud- 
deholms AB, Uddehoim, Sweden. 


This paper was presented before the Seventh Annual 
Electric Furnace Steel Conference, Iron and Steel 
Div., A.LMLE., Pittsburgh, Dec. 8-10. 


In 1936 the Swedish electrical firm ASEA was 
asked by a steelworks whether it would be pos- 
sible to produce a stirring movement in a hot 
metal mixer by electric means. The problem was 
taken up for study by Dr. Ludwig Dreyfus. He 
succeeded in solving it according to a principle 
which had not been applied before to this pur- 
pose, and laboratory experiments with small tin 
melts showed that the stirring effect wanted 
could be produced. However, the project of using 
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uctive Stirring 
Arc Furnaces 


by Sven Fornander 


Folke Nilsson 


electric stirring in a hot-metal mixer was never 
carried out 

Instead, the first electric stirrer was instailed 
on a 15-ton are furnace at Surahammars Bruks 
AB in 1939. The technical director of this works, 
Yngve Térneman had long realized the possibili- 
ties of increased stirring and therefore took the 
responsibility for the installation. This first test 
was not successful from an economical point of 
view, but the results obtained paved the way for 
further developments.” 


* Due to the furnace construction, the stirring coil 
had to be placed inside the furnace shell on top of 
the bottom plate. It was in operation for about one 
month only and was then damaged by overheating 


As a result of the war it was a long time before 
the next electric stirrer was put into operation 
This was done in the autumn of 1947 on a 15-ton 
furnace constructed by Demag at Hagfors Steel- 
works, belonging to the Uddeholms AB. Shortly 
afterwards, in June 1948 a new furnace provided 
with an electric stirrer, was put into operation at 
Surahammars Bruks AB. This furnace, which 
was constructed and manufactured by ASEA, has 
a nominal capacity of 10 tons 

Thus, the electric stirrer in its present form is 
the last link in a rather long chain of develop- 
ments. It fulfills all the requirements that are es- 
sential for operation and for steel-making. 

The principle of the stirrer has been described 
by Dreyfus, who called it the induction motor 
principle. The stirrer, which is placed under the 
nonmagnetic: boi.om plate of the furnace, works 
on two puascs. The electric currents in the two 
phases induce electric current paths in the liquid 


\ 
and 


P this first part of a two-part 
article, the authors for the first 
time describe in this country a 
new type of stirring device to 
accelerate metallurgical reactions 
in arc furnaces. Herein the au- 
thors describe the history of in- 
ductive stirring, the type of 
equipment used in these latest ex- 
periments, and results during the 
melting down period, power con- 
sumption for melting, the oxidizing 
period and slag removal. 


Surfoce veloc ty 
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Fig 1—Bath motion in a 


steel bath. At the same time the two phases gen- 
erate a moving magnetic field, which reacts upon 
the steel composing the current paths with 
forces parallel to the furnace bottom. The result 
is that those parts of the bath which are close to 
the furnace bottom are set in motion in a direc- 
tion parallel to the bottom. 

Fig. 1 is a diagram of the stirring motion in 
the Uddeholm-furnace. With the direction of 
bath motion normally employed a strong bottom 
current of molten metal goes from the furnace 
door towards the taphole. As a result of the 
shape of the bottom, the current turns off up- 
wards at the taphole. Just inside the furnace 
door the current goes downwards, and to this 
area the metal flows from the middle and the 
sides of the furnace. The values of speed indi- 
cated on the diagram were determined by ob- 
servation on pieces of burnt lime floating on a 
clean metal bath. When the bath is covered by a 
slag layer the latter probably retards the motion, 
and therefore the speed of the surface layer of a 
slag-covered bath will be lower than indicated 
by the observations on a clean bath. 

The slagging-off operation is considerably fa- 
cilitated when the stirrer is in operation. The 
deslagging is carried out simply by raking off the 
slag from the area just inside the furnace door. 
The stirrer does the rest of the work: it trans- 
ports the slag from the backwall and the sides 
on to the door. The importance of this is great, 
since the deslagging is the hottest and most un- 
pleasant job at an are furnace. The stirrer guar- 
antees that the deslagging will be effectively 
done: the operation will be no harder to carry 
out even though it is thoroughly done. 

The direction of motion shown in fig 1 is usu- 


15-ton furnace. 


ally employed. The motion can be reversed by 
means of a simple device. This is done occasion- 
ally when alloying additions are made in order to 
move them towards the middle of the furnace. 
In table I a few data are given on the electrical 
Stirrers used at the two furnaces mentioned 
above. 
TABLE 
Data on Electrical Stirrers 
Power 
Nominal Genera- Consump- 
Furnace Motor tor tion, Kelative 
Capacity, Power, Power, KWH Stirring 
Company Tons KW KVA per ton Effect 


Surahammar 10 63 105 17 a 
Uddeholm 15 109 212 1s 13a 

Metallurgical experience with the ASBA elec- 
tric stirrer: During the last year two investiga- 
tions were carried out in Sweden in order to 
clarify the influence of inductive stirring on the 
course of a heat in the are furnace. One of these 
investigations was made at the 15-ton furnace at 
Uddeholm’ and the other at the 10-ton furnace 
at Surahammar’. The method employed was the 
same in both cases: a number of experimental 
heats were made with or without the aid of the 
inductive stirring coil but in other respects as 
nearly identical as possible. The heats were 
studied in some detail. The results from the two 
groups of heats were compared and conclusions 
were drawn. 

Special studies were made at the two works of 
the influence of stirring upon the temperature 
distribution in the bath as well as upon the con- 
centrations in different parts of the bath after 
alloy additions. 

Sampling: The steel samples were taken with 
a device suggested by N. Rudberg, see fig. 2. The 
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mold is made from mild steel. In sampling un- 
killed steel about 2 g of an aluminium wire of 
1 mm diam (about 0.5 pet Al) is placed inside the 
mold. In sampling during the reducing period, 
when the steel is killed, the mold is used empty. 
The mold is furnished with a sheet lid, about 0.5 
mm thick. The lid is covered by a piece of wood, 
fixed in position by an iron wire. After slagging 
up to the edge, the mold is dipped into the steel 
bath. When the wire has melted, the wooden 
piece rises to the slag surface uncovering the 
slag-free sheet lid. The lid melts and the mold is 
filled with steel. The samples obtained are free 
from furnace slag, and since they are not af- 
fected by the atmosphere during solidification 
their composition and especially their oxygen 

b content will be representative of that of the steel 

2— Sam- bath 

ping mele This method of sampling was developed at 
Surahammar', where it has been used rather fre- 
quently during the last 7 yr. To test the repro- 
ducibility of the method some 200 duplicate 
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Fig 3—(Right) Pyrometer design. 


Fig 4—(Below) Heat No. 1; 10-ton ; | 
furnace, without stirrer. iit d Oos%C 
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samples have been taken in various kinds of 
; — | furnaces. The samples were analyzed for oxygen 
| 199) . maz by the vacuum-fusion method. The reproduci- 
= ao ] = bility of the sampling method is regarded as sat- 
6 = the 300 isfactory It lies approximately between the 
same limits as that of the analysis: the differ- 
ence between the oxygen contents obtained was 
larger than 0.003 pet 0 in only five cases out of 
200 

The slag samples were taken with a spoon in 

the usual way and poured into a flat mold 
The steel temperatures were determined with 
a somewhat modified type of the Schofield quick- 
immersion pyrometer, the main feature of which 
is that it contains no parts which can give off 
gases when heated. As a result of the pyrometer 
design, the thermocouple wires will not be con- 
taminated during the measurements, and it is 
possible to use the same hot junction for 50 suc- 
cessive determinations without getting any 
measurable change in the emf of the couple. Fig 
3 shows the pyrometer construction. This method 
was developed at Surahammar a few years ago 
inder the auspices of the Jernkontorets Fors- 
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kningsverksamhet (the research organization of 
the Swedish Ironmasters Association). 

Results: At each of the two steelworks men- 
tioned, about 15 experimental heats were studied 
in some detail making a total of 30 heats. In 
this paper detailed information will be given 
about only eight experimental heats, which are 
regarded as typical. The data are given in the 
form of diagrams, see figs 4 to 11. Table II shows 
the analyses of the ingots made in the heats 


TABLE 
Pit Sample Analysis of Experimental Heats 


Pit Sample Analysis 


Heat Kind of 
No. Company Stirring ‘ si Mn r s 
1 Rabbling 028 6.32 O71 O.010 0.005 


Rabbling 6.24 028 O72 0.008 0.005 


Inductive 6.15 0.25 O58 0.008 0.005 


Inductive 0.22 6.21 069 6.011 0.005 

5 Rabbling 616 O34 141 0.014 0.013 

Uddel Inductive 0.17 0.26 1.38 0.009 0.010 
ddeholn 

7 Rabbling 0.65 6.14 O61 OO16 OO15 

Inductive 0.67 O.17 O68 6.007 0013 


The inductive stirring was used on four of the 
heats during the period of time from just before 
“clear melt” to “tap”. On the other four heats 
rabbling by hand was made when it was consid- 
ered necessary 

From the data collected in the two investiga- 
tions the following results were obtained. 

(1) The melting down period: At the Udde- 
holm furnace a study was made of the power 
consumption during the melting down period in 
order to ascertain whether the inductive stirring 
would exert any influence. In all, 104 heats were 
included in this study. The stirrer was working 
during the latter third of the melting period 
The result is shown in table III. As will be seen 
from the table, the stirrer does not affect the 
melting down process 


TABLE 
Vower Consumption for Melting 
With Heats 
Inductive for 
Stirring Comparison 
Number of heat | 
I ib kWwt irre 
excluded $24,100 445.000 
Total production, tor Sas 912 
kWh per t for elting tirre 
ted 
I il kWh for stirre! O77 
Working time for stirrer il min 
kWh per t r 
meit 
Meltir time per heat 2h, 29 min 2h, 30 min 
atl i 
Oso 0.97 


(2) The oxidizing period: The raw materials 
for the experimental heats one to four were se- 
lected in such proportions that the carbon con- 
tent at “clear melt” was high enough for a long 
oxidizing period to be required. It was thought 
that the influence of the inductive stirring upon 
the carbon refining could be studied best in this 
way. Fig 12 shows the decarburization curves for 
the four heats. The rate of carbon drop is about 
the same in all cases, 1.2 pet C per hr, and thus 
the rate of carbon drop is not affected by the in- 
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Fig 5—(Above) Heat No. 2; 10-ton furnace, with- 
out stirrer. 


Fig 6—(Below) Heat No. 3; 10-ton furnace, with 
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Fig 7—‘Below) Heat No. 4; 10-ton furnace, 
with stirrer. 
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Fig 8—Heat No. 5; 15-ton furnace, without 
stirrer. 
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Fig %—(Right) Heat No. 6; 15-ton furnace, 
with stirrer 
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Fig 10—(Left) Heat No. 7; 15-ton fur- 
nace, without stirrer. 
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Fig 11—(Above) Heat No. 8; 15-ton 
furnace, with stirrer. 


Fig 12—(Left) Decarburization curves, 
heats Nos. 1 to 4. 


0 20 


Time ofter clear me/# min. 


JOURNAL OF METALS. JANUARY 1950—27 


| 
om 
| ly (0060 
+ + + _€eo) + + 4 > + 4 2) 
| 
+ + + > + + + + 4 
20} + + 0) t + + + + + 4 
38 
. Ore i Time offer met min 
| 
| 
ial 
0 
| 
| | | ~—-Ore 
T | so a 
t— 
0 | | | 
| | | 
We | 
UNE 
° + | | 
4 
— 


ductive stirring. The diagram shows that a high 
rate of carbon drop can be attained in the arc 
furnace 

The same conclusion was drawn at Uddeholm, 
where the following experiment was made, see 
fig 13. In heat No. 10 the stirrer was switched on 
only during the last part of the oxidizing period 
and in heat No. 12 only during its first part. In 
both heats the power input was the same (2200 
Kw) and the ore additions were equal (70 kg 
every 5 min). The curves of decarburization are 
imilar 

In fig 14 the oxygen content of the steel bath 
during the oxidizing period is plotted against the 
carbon content. The points refer to all experi- 
mental heats made with or without use of induc- 
tive stirring. The diagram also shows the area of 
scatter for the oxygen content of the steel bath 
during carbon refining in the basic openhearth 
furnace according to results obtained in an in- 
vestigation carried out by the Jernkontorets 
Forskningsverksamhet 

The oxygen contents of the steel in the arc 
furnace are seen to be slightly lower than in the 
openhearth. The rates of carbon drop in the arc 
furnace are, at least as far as the Surahammar 
heats are concerned, two or three times as high 
as in the openhearth furnace. Thus, the dia- 
gram illustrates the fact that the oxvgen content 
of the steel bath is lower, when the rate of car- 
bon drop is high. The diagram gives no indica- 
tion that the stirring affects the oxygen content 
of the steel during carbon refining, at least not 
sO far as higher or medium carbon contents are 
concerned. Nor is there any reason to expect 
uch an effect: the carbon boil is itself a stirring 
movement which is so strong that the inductive 
tirring cannot assert itself at the same time 

However, at lower carbon contents when the 
carbon boil has slackened, the inductive stirring 
eems to exert an influence on the carbon reac- 
tion. In table IV some data have been put to- 
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Fig 13—Decarburization curves, heats No. 
10 and 12 


gether giving an idea of the conditions prevail- 


TABLE 
Data From End of Carbon Refining, Low-Carbon Steels 


Number 


Kind of of ol 
Stirring Heats Pet tcl Pet TOL (Pea) (bet) 
Inductive 5 0.081 0.071 


ing at the end of carbon refining in the manu- 
facture of steel with low carbon content. The 
data are averages from several heats and should 
therefore give a reliable picture of the state of 
things. The figures indicate that with the aid of 
inductive stirring it is possible to obtain a low 
carbon and low oxygen content simultaneously 
or at least, that it is possible to approach this 
condition much more closely than was the case 
previously without stirring. At low carbon con- 
tents, the consequence of inductive stirring is 
that the over-saturation of oxygen in the steel is 
lower than normal, and therefore the carbon re- 
action comes closer to the equilibrium value. In 
commercial operation—when experimental heats 
are not involved—the result would be that a steel 
made with the induction stirrer would be lower 
in carbon than a steel made in the conventional 
way. This is also found to be the case: at Sura- 
hammar the pit carbon content of a certain 
grade of steel decreased from an average of 0.045 
to an average of 0.037 since it was made in the 
new furnace with inductive stirring 
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From table IV it is seen also, that the FeO con- 
tent of the slag is lower When stirring is em- 
ployed. The difference in the FeO content is 
considerable, 10 pet, which means that the ingot 
yield will be somewhat higher when the induc- 
tion stirrer is used. 

(3) The slag removal: It has been pointed out 
already that the stirrer considerably facilitates 
the slagging off operation, and the reason for 
this has been explained. Efficient removal of the 
oxidizing slag is of great importance in the pro- 
duction of large tonnage steels from impure raw 
materials as well as in the manufacture of qual- 
ity steels. 

Tests which were carried out at the Uddeholm 
furnace have shown that the time required for 
the slagging off operation is about the same 
whether or not the stirrer is used. The main rea- 


Fig 14 — Oxygen 
content during the 
oxidizing period. 
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ties effectively. The same steel quality is now 
made in the new furnace using the electric stir- 
rer. The charge consists of 100 pect commercial 
scrap, and only one slagging-off operation is car- 
ried out. In spite of this, the oxidizable impuri- 
ties are as low as or lower than previously. 


Another observation, which seems to be con- 
nected with the effectiveness of slag removal, 
concerns the slag composition during the re- 
ducing period. At the Uddeholm furnace it was 
found that the CaO SiO.-ratio had an average 
value of 3.25 in the heats made with inductive 
stirring and an average of 2.75 in the heats made 
without stirring. The additions of lime and flu- 
orspar were the same in both cases. 


similar observations were 
For the six heats made in an 


At Surahammar 
made, see table V 


With inductive stirring, Surahammar 


With ae -u- Uddeholm 


= 


Area of scatter for 
~ basic open-hearth 
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sons why the stirrer is advantageous are, that 
the deslagging will be carried out effectively, and 
that the work of the furnace crew will be facili- 
tated. The larger the furnace, the more impor- 
tant are these considerations 

When phosphorus removal is aimed at, good 
deslagging is important. At Surahammar a heat 
was made recently with use of the stirrer. The 
raw material, which was uniform, contained 0.35 
pet P. The phosphorus content of the finished 
steel was 0.020 pet. The steel was killed and it is 
true that it had a low carbon content. However 
it is worthy of note that it was made under a 
white slag 

In the production of one specific grade of steel, 
where it is desirable to get rid of impurities as 
completely as possible, the following experience 
was gained. The steel quality in question was 
formerly made in an are furnace of conventional 
type, the charge containing 50 pct commercial 
scrap. Three slagging-off operations had to be 
mode in order to remove the oxidizable impuri- 
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TABLE \ 
slag Composition During Keducing Period 

Kind of 
Stirring Number (Cad) 
at Slag- of a 

on Heats (CaO) (MgO) (FeO) (SiO) 
Inductive 62.5 11 20.7 1.03 


older furnace without stirring coil, the average 
CaO SiO, ratio of the reducing slag was 2.2. For 
the five heats made in the new furnace with stir- 
ring coil the average basicity value was 3.0. The 
additions of burnt lime and fluorspar were the 
same in both cases. The improved basicity value 
of the reducing slag for the latter group of heats 
can probably be attributed to the more effective 
slag removal 


Next month the authors will conclude this article with 
a description of the reducing period, effect on furnace 
linings and economical aspects of the inductive stirring 
equipment, 
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Effect of 


Melting Practice 
On Hydrogen 


by Sam F. Carter 


I" this first part of a two-part article, the author presents a number 


of quantitative hydrogen analyses of some electric arc-furnace 


steels with varied melting practices. First there is a review of the 


many research contributions on the causes and effects of hydrogen 


in steel; next a description of the procedures used in this most 


recent investigation and then a discussion of results for carbon 


ue the quality problems that have faced steel- 
makers through the years, some of the most 
mysterious and evasive have been caused by hydro- 
gen in very small concentrations. Two thousand 
research contributions over the years have developed 
i reasonable qualitative understanding of the causes 
ind effects of hydrogen in steel. Because of analyt- 
ical and sampling problems the determination ot 
ictual hydrogen contents and the study of effects of 


melting practice have been made possible only in the 
last few years, It is the purpose of this investigation 
to contribute some quantitative hydrogen analyses 


of some electric are-furnace steels with varied melt 


ing: practices 


Sam F. Carter, Junior Member AIME, is Assistant 
Melding Superintendent of American Cast Iron Pipe 
Co., Birmingham 

This paper was presented before the Seventh Annual 
Electric Furnace Conference, Iron and Steel Div., 
AIME, Pittsburgh, Dec. 8-10 


most obvious defect caused by hydrogen ts gas 


porosity, recognized in the wrought industry as 


bleeding ingots ind in the easting industry as 
“blow holes Some metal compositions contain 
ing considerable contents of such deoxidizing el 

ments as Si, Cr, ete. have proven especially prone 
toward this hydrogen type of porosity. The more 


subtle effect of hydrogen is embrittlement This 
mysterious loss of ductility has been experienced on 


certain heats over the years in such forms as: the 
premature failure of railroad rails shatter cracks 
ind brittleness in forgings, low ductility in the cen 
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embrittlement of wire and 
sheet after pickling, and low ductility welds 

Certain fracture patterns that accompany hydrogen 
embrittlement have been recognized and given the 


ter of large castings 


familiar names of “flakes”, “shatter cracks”, “fish 
eyes", etc. 

A considerable volume of experimentation has fin- 
illy established hydrogen as a potential cause of one 
type of porosity and one type of embrittlement. Both 
effects have been artificially reproduced by hydrogen 
idditions. Many solubility and equilibrium relation- 
ships have been obtained on laboratory melts, 
and a theory explaining the embrittlement mechan- 
ism has been fundamentally agreed upon De- 
creased solubility and the attempted escape of hy- 
drogen from metal solution seems to cause the 
trouble in both cases. Escape of hydrogen out of so- 
lution during solidification produces gas holes. Pre- 
cipitation later from the solid metal builds up the 
considerable pressures that resist deformation and 
cause embrittlement 

Mill operators discovered a number of years ago 
that this type of embrittlement could be relieved by 
special heat treatment. Subsequent research has 
verified the outward diffusion of hydrogen which 
takes place slowly at room temperature and at an 
accelerated rate at higher temperatures. Optimum 
treatments for hydrogen elimination have been de- 
termined as well as actual diffusion rates and the 
effect of composition and structural condition. The 
reason for more hydrogen in the center of large sec- 
tions has been made apparent and a distinction made 
between the temporary or abnormal loss of ductility 
from hydrogen and the more permanent effects of 


y 
steels. 
| 


nitiogen, oxygen, inclusions, etc. The cure for hydro- 
gen embrittlement has been developed more com- 
pletely than its prevention. 

The melting operation is only one of several pos- 
sible sources of hydrogen but the most difficult one 
to study. The hydrogen content as melted may be 
decreased by pouring and subsequent treatment or it 
may be increased by further absorption from heat 
treating atmospheres, pickling and electrolytic baths, 
welding, etc. Moisture has been proven the most 


FIG 1—Wooden trough containing mercury and 
inverted centrifuge tubes. 


potent source of hydrogen in the furnace because ot 
its decomposition to hydrogen in the presence of 
molten iron. 

Development of analytical methods for hydrogen 
and several methods of sampling molten metal have 
made possible several recent investigations of actual 
hydrogen contents of molten metal in the furnace 
Although the reliability of some of the earlier an 
alytical methods have been questioned they make a 
valuable contribution to quantitative knowledge even 
after liberal allowance for error. 

In 1937 Hare and Soler reported some vacuum- 
fusion hydrogen analyses incidental to an oxide study 
of some high-carbon and Ni-Mo bearing steels 
Three basic openhearth heats finished with hydrogen 
contents of 0.52, 0.79 and 0.79 Relative Volumes 
(0.00068, 0.00090 and 0.00090 pet by weight). Four 
basic-electric heats showed considerable hydrogen 
increases from “slag off" to tap under the reducing 


All hydrogen contents reported as weight percent 
or ce per 100 gm converted to Relative Volumes for 
convenience of discussion and comparison. 


second slag, finishing with concentrations at tap 
ranging from 0.61 to 1.45 Relative Volumes. In the 
winter months of lowest humidity 24 heats averaged 
0.57 R.V., whereas during the summer months with 
highest humidity 31 heats averaged 0.81 R.V. On 
two heats finished with a leak in an overhead water 
cooler, hydrogen concentrations were reported equi 
alent to 5.10 and 6.70 Relative Volumes. 

In 1938 Chuiko'’ reported vacuum-fusion analyses 
on some Russian electric-are steels which melted as 
high in hydrogen as 0.90 to 1.80 R.V. but were low 
ered by violent boils to 0.45 to 0.70 R.V. Highest 
concentrations were reé ported on two heats that were 
not boiled and one on which wet lime was used, 

In the same year Kobayasi * reported on some Jap- 
anese steels that ran 0.35 to 0.65 R.V. at tap. A hy- 


drogen decrease was experienced during the oxidation 
period on acid-openhearth heats but not on basic- 
openhearth or basic-electric heats. Hydrogen was 
found prone to increase after “killing” and after tap. 
An attempt was made to correlate hydrogen content 
with the FeO content of the steel. 

In the U.S. in 1939 Schwartz'’ reported on some 
white cast irons melted in three types of furnaces 
with hydrogen contents ranging from 0.09 to 1.20 
Relative Volumes. These were determined by a com- 
bustion method on drilled samples. 

In 1944 Hurst! in England reported hydrogen re- 
sults on high silicon iron from 0.11 to 0.78 R.V. 
Porosity was generally experienced when concentra- 
tions ran higher than 0.40 R.V. 

In 1947 Wells and Barraclouch*’ made a compara- 
tive study of five methods of sampling molten metal 
and showed the rate of hydrogen escape at room 


FIG 2 — External 
clamping frame used 
to seal glass tubes. 


temperature, the increased rate of 100°C, and the 
retarded rate at dry-ice temperatures, 

In the same year Sykes, Burton, and Gegg re- 
ported some British openhearth and are-steels to 
average near 0.30 R.V. on carbon steels and from 
0.37 to 0.62 R.V. on low-alloy steels. On several 
“wild” heats hydrogen concentrations as high as 0.70 
to 1.30 R.V. were determined, Poor correlation was 
found between hydrogen elimination and the length 
of the boil 

Contemporary with the British work, hydrogen 
studies were made at Battelle by Sims, Moore, and 
Williams for the Steel Founders’ Society of Amer- 
ica, Their large volume of quantitative data of 
considerable practical value was reported at the 
1947 Electric Furnace Conference.“ This work de- 
veloped a sampling method that was simple enough 
for plant use. A method of extraction at 1925 F 
was used that seemed to show improved accuracy 
and consistency. A rather complete quantitative 
relationship was developed for the first time between 
hydrogen content and temporary loss of ductility as 
well as the rate of hydrogen removal and ductility 
restoration by various heat treatments. 
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Hydrogen determinations also were made on sev- 
enteen commerical heats of casting steel made in 
four types of furnaces. Samples were taken at vari- 
ous stages of the melting operation. Furnace prac- 
tice was recorded in very complete detail for the 
first time. Principal purpose was to find the average 
hydrogen contents of casting steel as currently pro- 
duced by American Steel Foundries. Final hydrogen 
contents in the ladle ranged from 0.12 to 0.42 R.V. 
Variations in furnace practice were hardly great 
enough to definitely establish the effects of more 
than a few of the many variables involved. One 
definite conclusion was the appreciable hydrogen in- 
crease from newly lined or wet ladles as generally 
used. In spite of a few exceptions, their data seemed 
to indicate generally a hydrogen decrease during 
oxidation, a tendency to increase after deoxidation, 
and a genera! inclination to follow atmospheric 
moisture. Violence of the boil seemed to prove a 
better criterion for the effectiveness of the elimina- 
tion process. A ladle hydrogen as low as 0.12 R.V. 
was produced by a special practice consisting of a 
violent and prolonged boil, short deoxidation time, 
thoroughly dried materials, and a used ladle. The 


FIG 3—External view of special shipping box. 
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acid-are furnace was considered most amenable to 
low hydrogen and the basic openhearth most dif- 
ficult to control. 

Last December Speight and Cook*’ reported some 
hydrogen determinations on more British commercial 
steels. A sealed mold was used and vacuum extrac- 
tion at 1380 F was claimed to be indicative after 1 
hr and complete after 2!» hrs. Fourteen basic-open- 
hearth heats of carbon and low-alloy steels melted 
with hydrogen contents that ranged from 0.33 to 
0.79 R.V. for an average of 0.54 R.V. The same 
heats at tap time ranged from 0.47 to 0.93 R.V., 
averaging 0.63 R.V. Seven basic-electric heats aver- 
aged 0.41 R.V. 10 min after the “white slag’ and 
0.48 R.V. at tap. Since principal emphasis was on 
analytical details and no description of melting prac- 
tice was given, the only conclusions possible are the 
increase during the heat and the high level of hydro- 
gen content in these steels. 

Wentrup, Fucke, and Rief*’ have very recently 
reported the averages of some German heats of car- 
bon and low-alloy steels. Ten acid-openhearth heats 
averaged 0.47 R.V. at tap and 0.56 R.V. in a molten 
sample removed from the ingot mold. Nineteen 
basic-openhearth heats averaged 0.74 R.V. at tap 
and 0.65 R.V. from the mold. Eight basic-are heats 
averaged 0.71 R.V. at tap and 0.89 R.V. in the mold. 
Considerable quantities of hydrogen were found in 
the furnace slags both as H. and as H.O. The total 
ranged from 30 to 100 ce H. per 100 gm on acid 
slags and from 40 to 205 ce per 100 gm on basic 
slags. Some effect of aluminum was suggested but 
not very well supported. 

The lack of description of melting practice and 


FIG 4—Inside view of shipping box. 


charge composition in most of these reports pre- 
vents much evaluation of furnace practice. The av- 
erage steelmaker is aware of the unavoidable sources 
of moisture in the air and openhearth fuel and seeks 
to avoid the obvious additional sources of moisture 
such as rust and water on scrap, damp alloys and 
slag materials, leaking overhead coolers, and im- 
properly dried spouts, runners, and ladles. However, 
laboratory care is hardly possible in the plant and 
certain of these moisture sources are unavoidably 
encountered at times. What the practical man is ul 
timately most interested in is not so much the one 
way that steel might be made lowest in hydrogen, 
but in how many ways steel may be produced with 
hydrogen low enough for acceptable quality. Certain 
ideal practices from the hydrogen standpoint might 
have disadvantages from the standpoint of chemical 


control, availability of materials, economics, and 


production schedules, in which case the steelmaker 
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would like to know how far he might deviate from 
the best practice before experiencing trouble. 

The final hydrogen of a heat is the net effect of a 
sequence of operations which may individually con- 
tribute or eliminate hydrogen. For simplicity these 
elements of furnace practice are considered (1) 
charge, (2) melt conditions, (3) active oxidation 
period, (4) deoxidation period and (5) tapping into 
ladle. 


Sieverts. A.: “The Absorption of Gases by Metals’, 
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“ Fontanna M. G., and J. Chipman: “Equilibrium in 
Reaction of Hydrogen with FeO in Liquid Iron at 
1690°C”, Trans. Amer. Soc. Met., 24, 1936 

*Chipman, J. and A. M Samarin: “Effect of Tem- 
perature Upon Interaction of Gases with Liquid 
Steel”, Trans. AI.M.E., 125, (1937 

Houdremont, E. and H. Shrader “Combined Action 
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Flakes”, Stahl & Eisen, 61, (1941 
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Chuiko. W.: “Theory of Hydrogen Elimination Dur- 
ing Electric Steel Making”, Teoriga i Prokt, Met 
1938); Metals and Alloys (1939 

Kobayasi, W.: “Tetsu to Hagane”, Vols. 23, 24, and 
25 (1937 to 1939 


Consideration of the first of these, the furnace 
charge seems to have been neglected in most of the 
previous work. The original charge for steelmaking 
may vary from all molten pig iron to all cold steel 
scrap. A steel scrap charge could conceivably con- 
sist of all foundry returns, characterized by large 
sections, clean surface possibly protected with sand, 
and a composition highly deoxidized with Si and 
aluminum. On the other hand the charge might be 
made up entirely of low carbon plate of rimmed 
steel composition, containing essentially no deoxi- 
dizers, thin in sections and very rusty. On alloy 
heats the presence of Cr, Ni, Mo, ete. 1s a possibility 
with their effects on hydrogen absorption and elim- 
ination. In an acid-are furnace with the charges 
identical, one heat might melt in such a gradual 
manner that the slag remains oxidizing and con- 
siderable amounts of Si, Mn, and carbon are OXI- 
dized as melting proceeds. On the other hand, the 
same charge might bridge in such a manner that a 
viscous low FeO slag, and relatively reducing con- 
dition are maintained until the addition of the oxi- 
dizing agent. Such variations could conceivably have 
considerable effect on hydrogen content as melted. 

The oxidation period or boil has now been ac- 
cepted as necessary for consistent production of 
quality steel. But the means of measuring the oxida- 
tion process are highly controversial. At one time 
er another such factors as lowest carbon after the 
boil, lowest Si and Mn residual, carbon drop, ete 
have been proposed as the one principal criterion for 
an adequate boil. More recently attempts have 
been made by separate investigators to correlate 
hydrogen content with FeO of metal and slag, length 
of boil, and violence of boil. Because of the number 
of concurrent conditions that accompany the boil 
it has been hard to determine how much of the effect 
is chemical and how much met hanical. With the 
use of oxygen It becomes easier to produce the gas 
flush of the boil without the degree of oxidation ordi- 


narily inclined to precede it. The relative effects of 
both should be properly recognized. 

It is generally agreed that steel is more likely to 
absorb hydrogen after deoxidation. However, deoxi- 
dation is a relative term which requires further 
quantitative definition. 

In order to check on hydrogen contents obtained 
and possibly contribute some data toward the solu- 
tion of various questions on furnace practice, hydro- 
gen determinations were made on samples from some 
electric-are steels made at the American Cast Iron 
Pipe Co. These included nineteen carbon steels (six- 
teen acid and three basic) and ten high alloy Cr-Ni 
steels (four acid and six basic). Extreme variations 
in melting practice were sought and certain elements 
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of furnace practice were deliberately exagge rated. 
In several cases the charge was soaked with water 
and water was sprayed into the furnace throughout 
the heat. This was intended to eliminate any doubt 
about moisture availability, and make the hydrogen 
absorption directly indicative of the susceptibility 
of the steel under the chemical condition prevailing. 

Indications were obtained toward a solution of only 
a few of these questions. The volume of data was 
scant and not adequately confirmed in every case. 
But it is hoped the experience In sampling and in the 
manipulation of variables of the furnace practice 
will help and encourage further research along these 
lines. Much research will be required to confirm 
apparent conclusions of this paper, investigate other 
variables of furnace practice, and study other steel 
composition types. 

Some incidental nitgrogen analyses were deter- 
mined but no attempt was made to correlate the 
results. 


Experimental Method 


The sampling system used was that developed 
and used by Sims and associates. The analytical 
work was done by Battelle by the method which 
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has been reported in detail by them.*' The only con- 
tribution of the author was a shop method of sealing 
and transporting the samples several hundred miles 


by commercial express. Since the method proved 
simple enough for plant use, it will be described 
again for the benefit of any group that might con- 
sider similar work 

A cylindrical ©, x 1', in. sample was chill-cast in 
a split copper mold. Because of its thermal con- 
ductivity, density, and volumetric heat capacity pure 
copper produces the most drastic chill of any prac- 
tical mold material. A refractory “neck down core” 
separated the sample from the pouring basin and 
facilitated the rapid sawing or breaking of the 
sample from the basin This core made of silica 
flour and clay was baked at 2400 F and stored in a 
dessicator. With the mold set up by the furnace 
metal was dipped from the furnace with a well 
slagged spoon, killed with aluminum wire, and 
poured into the mold. The sample was stripped, the 
basin removed, a weight check made for soundness, 
and the sample inserted into a mercury filled glass 
tube within 3 min. after casting. The “T” shaped 
wooden trough used for filling the tubes with mer- 
cury and keeping the open ends sealed under a 
mercury bath was made by the pattern shop. 

The glass tubes used first were calibrated cen- 
trifuge tubes 5 in. long and tapered to a tip at the 
closed end. Rough volumetric measurements of the 
gas were made as it evolved from the specimen at 
room temperature and collected in the tip of the 
tube over a period of days. The volumes were only 
relative and not under standard conditions because 
of the reduced pressure of a 4 to 5-in. column of 
mereury. Because of considerable breakage of these 
tubes, it was found best to transfer the gas by in- 
verted pouring to stronger heavy wall test tubes 
for shipment. No breakage was expert need on the 
heavier tubes used on the last 30 samples. 

The principal problem was sealing the glass tubes 
containing mercury, metal sample, and gas to per- 
mit transporting to the laboratory without breaking 
the glass or permitting the escape of any gas Some 
tubes were stoppered with fair success with expan 

m type rubber stoppers used in thermos bottles. A 
central shaft shortened by an external cam spreads 


the rubber stopper. The principal disadvantage was 


the air unavoidably squeezed from the stopper dur 
ing its compression Although dilution of the gas 
with air need not impair the accuracy of the hydro 
gen determination it was considered undesirable 
Better success was experienced with an external 
clamping frame shown in fig. 2. A  rubber-lined 
wooden pad on the open end and a concave wooden 
pad on the closed end were drawn together by four 
long bolt Tubes were clamped in this frame before 


removing the open end from the mercury bath. Low 


permeability inner tube rubber was used. However 


there remained the possibility that some hydrogen 
might escape through the rubber if the tubes should 
remain in an upside down position for several days 
ind if pressure should be increased considerably by 
1 temperature increase. To prevent any such pos 
sibilitv and to keep the gas in the closed end of the 
glass tubs 1 special si ipping er ite was designed \ 
false exterior shown in fig. 5 consisted of a rounded 
top, a flat bottom, sides with a caleulated slope, and 
i low center of gravity This made it practically im 
possible for the box to remain in a position that 
would permit the gas to contact the rubber pad, The 
inside cot ted of ten compartment n which the 
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tubes in the frames were packed with sponge rub- 
ber, fig. 4. 

Upon arrival at Battelle the free gas that had 
already been evolved was collected and analyzed. 
The metal specimens were cleaned and weighed and 
placed in the vacuum-extraction equipment for the 
high-temperature treatment. The high-temperature 
fraction was also analyzed. Based on the fact that 
at 1925 F hydrogen evolution proceeds in the man- 
ner of a first order reaction, a correction for the 
residual hydrogen left in the specimen was deter- 
mined and added. The total volume of hydrogen 
was calculated to both the weight per cent and the 
relative volume of the metal sample. Because of a 
more convenient magnitude Relative Volumes will be 
used throughout this discussion. 

Mention might be made of some _ precautions 
found by experience to improve the accuracy of the 
work. Samples adequately killed with aluminum 
evolved hydrogen less readily at room temperature, 
which is in favor of better retention in the sample 
and generally improved accuracy. On samples with 
gas porosity much hydrogen would escape upon 
solidification with the CO evolved. Some samples 
whose weights indicated internal unsoundness were 
rejected and not sent off for analysis. 

Dirty mercury was found another source of 
trouble. If enough film of dust and oxide is trapped 
inside a glass tube, air can be pulled into the tube 
through capillary channels in the mercury at a rate 
that will be mistaken for hydrogen evolution. How- 
ever, this air will be indicated in the analyses. To 
prevent this it was found advisable to skim the mer- 
cury trough frequently, filter the mercury at oc- 
casional intervals, and fill the tubes from below 
the surface. 

When the volume of gas in a tube was too large, 
the metal specimen was found to have enough free- 
dom to bounce around and break the glass tube in 
shipment. It proved advisable to transfer the larger 
proportion of the gas to a supplementary tube for 
shipment. 


Discussion of Results 


Carbon Steels: Table I presents the essential melt- 
ing data and hydrogen analyses for sixteen acid and 
three basic heats of carbon steel for foundry cast- 
ings. None of the heats were intended to represent 
pre ferred practice or a best attempt to obtain a low 
hydrogen. Each one is characterized by some devia- 
tion that might be suspected of increasing hydrogen 
content to a critical amount. The first four are 
more nearly representative of normal practice which 
was described in detail at the 1947 Conference 
Briefly, this consists of a rusty charge of foundry 
returns, killed steel, and rimmed steel averaging a 
theoretical composition of 0.35 to 0.45 pet C and 
0.10 to 0.30 pet Si. Following a meltdown that ts at 
least slightly oxidizing and a 2 to 4 pet ore addition 
when nearly melted, a violent boil is produced that 
eliminates 0.08 to 0.15 pet C in 5 min and another 
0.10 to 0.15 pet over a period of 10 to 20 min while 
the carbon is being adjusted. Left open and boiling 
is long as possible the heat is deoxidized with simul- 
taneous additions of ferromanganese and ferrosili- 
con. Where physical quality is the primary concern, 
ill Mn and Si is added 3 min before tap. Where 
chemical control is more important a mild block of 
0.40 pet Mn and 6.20 pet Si is added 5 to 10 min be- 
fore tap on a slightly oxidizing slag. All carbon heats 
in this report were deoxidized in the ladle with an 
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aluminum addition chosen to give a residual of 0.03 
to 0.08 pet Al. 

Unfortunately, on many of the earlier samples the 
glass tubes were cracked in shipment and a complete 
study of some of these heats is not possible. How- 
ever, in every case either the tap or the ladle analy- 
sis is available from which the overall melting prac- 
tice can be evaluated. On many of the samples on 
which the room temperature fraction was lost, rea- 
sonable estimates could be made on the basis of the 
volume of gas before shipment, the usual range of 
concentration of the evolved gas, the usual range of 
proportionate evolution at room temperature, etc. 
This estimated fraction plus the retained fraction 
that was analyzed permitted an estimation within 
sufficient limits for some conclusions. Such estimates 
are indicated by two limiting numbers in parenthesis. 

Heat No, C-1 is characterized by a later boil than 
usual because of a “reducing” melt down. A 0.25 pet 
C steel was made in an acid-lined, electric-are furnace 
on a fairly low-humidity day (52 grains of moisture 
per pound of air). The charge consisted of 70 pet 
killed steel (scrap shells) and 30 pet rimmed steel 
(plate) averaging a theoretical composition of 0.35 
C and 0.15 Si. During the meltdown the charge 
bridged temporarily, producing a more “reduced” 
melt characterized by higher Si in the metal and a 
large volume of high SiQ., low FeO slag. Conse- 
quently, the 2 pet ore addition was sufficient to little 
more than oxidize some excess Si and produce a 
mildly oxidizing slag. The short carbon boil obtained 
was later and at a higher temperature than normally 
encountered. Carbon was lowered only to 0.30 pet. 
Another 1 pet ore was added and a violent boil was 
obtained immediately that carried the composition to 
0.18 C. 0.06 Si and 0.15 Mn. The heat was considered 
normal from this point on. Seven minutes before tap 
a block of 0.40 Mn and 0.20 Si was added on a slag 
that measured 4 in. in a Herty-type viscosimeter 
with a ',-in. channel. The balance of the Mn and Si 
were added 2 min. before tap on a 3 in. slag and the 
heat tapped at an optical temperature of 3200 F. 
The tapping ladle had been used several times be- 
fore. The second boil eliminated 0.12 C over a 
period of 9 min. for a maximum violence rate of 
0.80 C per hr. The time from the first ore addition 
to the first deoxidizer was 35 min. and the time 
from block to tap was 7 min. 

The only satisfactory determination on this heat 
was the tap sample which contained 0.13 R.V. of 
hydrogen. On both the boil and the ladle samples 
the room temperature fractions were lost from ac- 
cidents in shipment. However, it seems safe to 
estimate the boil samples between (0.11-0.22) R.V. 
and the ladle sample (0.13 to 0.20) R.V. These re- 
sults seem sufficient to conclude that hydrogen con- 
tent of this heat was reasonably low and not seri- 
ously handicapped by this characteristic late boil. 

Heat No. C-2 was a test of a wet charge and high 
atmospheric humidity. A charge of similar composi- 
tion, but wet from rain was melted on a rainy day of 
high humidity. The melt down was the other ex- 
treme, very oxidizing. During melting solid scrap 
continued to fall into the pool keeping the tempera- 
ture low and the slag oxidizing 

The 2!» pet ore addition to a bath already low in 
Si and Mn and high in FeO boiled the heat to an un- 
usually oxidized level of 0.10 C, 0.03 Si and 0.10 Mn 
with an 8 in. slag. The electrodes were dipped to 
raise the carbon and clean up the slag. After that 
the heat was normal and was blocked with Mn and 


Si 6 min. before tap. The boil sample contained an 
estimated (0.10-0.20) R.V., the tap sample 0.21 R.V. 
and the ladle sample 0.15 R.V. The tap sample seems 
out of line with the other two. It may be debated 
whether the hydrogen increased from boil to tap, 
then decreased from tap to ladle, or whether the tap 
sample from a still bath might not have been as 
representative as samples following the mixing ac- 
tion of the boil or tapping. 

On C-3 the melt procedure is probably most ne arly 
average practice except for an intentionally wet 
charge and water sprayed into the furnace through- 
out the heat. A special spray cap with eight ',, im. 
holes was placed on the end of a *, In. pipe and in- 
serted into the furnace through a hole Just below 
the roof ring. Water was sprayed into the center 
of the furnace at the rate of approximately '2 gal. 
per min. A rusty charge of foundry returns and 
killed wrought steel was melted in a moderately 
oxidizing manner. A 3 pet ore addition produced a 
boil of normal violence and average residuals. The 
heat was left open until all the Mn and Si was added 
3 min. before tapping into a used ladle In spite of 
the extreme exposure to moisture, hydrogen content 
of the final ladle sample was only 0.18 R.V. No pin 
holes were found in the castings or In a special 
wedge shaped specimen cast In green sand as a 
porosity test. 

Heat No. C-4 was intended to test a short boil to 
a high ore-down carbon in the definite presence of 
moisture from the water spray. In making 0.40 pet 
C steel a similar wet charge was melted on a day 
of high humidity with water sprayed into the fur- 
nace throughout the heat. Only 1', pet ore was 
added. A short, relatively mild boil produced a high 
ore down carbon of 0.28 pet and relatively high resi- 
duals of 0.06 Si and 0.19 Mn. Several additions of 
recarburizing pig iron were made producing further 
mild boiling. The heat was finished with no pre- 
liminary block and tapped at $200" into a used ladle. 
Hydrogen content at melt was 0.19 R.V., after the 
boil 0.29 R.V., before the Mn and Si an estimated 
(0.16-0.27) R.V., and from the ladle 0.18 R.V. 
Among these results the melt and boil samples were 
hardest to reconcile. If both are representative 
samples then hydrogen see med to be increased by 
the boil. Such an increase could conceivably have 
been experienced because of the mildness of the boil 
and the high potential hydrogen in the atmosphere. 
At any rate, no pin holes were encountered, and it 
seems safe to conclude that the over ill melting pro- 
cedure of this heat was sufficiently resistant to the 
excess moisture in the furnace atmosphere to pro- 
duce a steel of average commercial quality 

All four of these heats finished with hydrogen 
contents between 0.15 and 0.20 R.V. From these it 
can be concluded that in making this type of steel 
from this type of charge with a vigorous boil and 
very short deoxidizing periods, reasonably low hy- 
drogen contents are likely to be obtained under any 
deviations of furnace practice and any exposure to 
furnace moisture likely to be encountered in our 
plant. 

The next four heats were produced with essen 
tially no boil. The oxidized condition was obtained 
but the charged carbon was too low to generate the 
violent evolution of CO gas generally considered 
necessary for low hydrogen. Most effective phos- 
phorus removal in the basic electric furnace re- 
quires such a gradual oxidation during melting that 
insufficient carbon is left for a violent boil. Because 
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asional raw material situations it has been ad- 
vantageous to melt charges made up almost entirely 
of low-carbon plate scrap. Without some carburizing 
iddition, such charges melt too low in carbon to 
generate a vigorous boil. In order to evaluate such 
a practice from the standpoint of hydrogen, four 
heats of this type were studied, one dry, one with 
an accidental leak, and two intentionally sprayed 
with water 

On C-5 a dry charge of rimmed steel was melted 
on a day of relatively low atmospheric moisture and 
with no known additional source of hydrogen but 
possibly the rust on the scrap. With no ore added 
and essentially no boil an 0.08 pet carbon resulted 
tlong with very low residuals, and a very oxidizing 
slag. The heat remained in this extremely oxidized 
condition until 5 min. before tap when all the Si, 
Mn, and recarburizing pig was added on a slag that 
measured 6 in. and analyzed 29.6 pet FeO. Hydrogen 


content at melt was 0.21 R.V., at tap (0.09-0.11) 

The roor femperat e fraction of 0.45 ml was lost 
after havine ee ea ed tt Battelle Had the 
é lved et 100 pet hydrogen the sample could 
not have exceeded 0.12 RV Gase evolved from a 
number of ladle sample anged from 70 to 95 pet 
hydrogen. If thin this range hydrogen concentra- 
tion of the sample would be 0.09 to 011 R.V 


RAN ind from the ladle 0.12 R.V. This is one of 
the lowest contents reported in the literature. 
Heat No. C-6 was intended to check such a prac- 
tice against the definite presence of moisture. A wet 
charge was melted on humid day with water 
sprayed into the furnace throughout the heat. Melt- 
ing practice was identical with the previous heat, 
with similar 


ow residuals and a very oxidizing slag. 


This heat was in a molten oxidizing condition 50 min. 
ind in the furnace after deoxidizers only 3 min. 
Final slag before the Mn and Si measured 6 in. and 


inalyzed 34.4 pet FeO. Hydrogen content at tap was 
0.15 R.V. and from the ladle 0.17 R.V. No pin holes 
were encountered. With the exception of the dif- 


ficulty of skimming the thin slag, casting quality was 
not adversely flected Although 0.05 R.V. higher 
than the dry heat, final hydrogen was surprisingly 
in view of the absence of a vigorous boil and the 
pproximatety 1) ga tf water spr ived into the 
furnace rin tl hent For all pr ictical purposes 
ibsorption of hydrogen trom a high moisture atmos- 
phe was prevented by some chemical condition 
vhi I " ‘ i only be an extreme state of 
oxidati rl eems to be a practical application of 
ome equilibrium studies indicating decreased hydro- 
en solubility with increased FeO However, this 
oxidized condition included several things that might 
iffect hydrogen. The igh FeO and low Si and Mn 
residual in the metal would be expected to decrease 
hwar ‘ bility in the metal itself The high 
FeO in the if might offer more protection from 
the n ture turated atmosphere above On the 
other hand, the more oxidizing atmosphere would 
conceival lecren decom} of water to 
var 
‘HO 

by increasing the neentration of one of the prod 
wt ind fting the equilibrium toward the left 
However, this expet ce might apply only when the 
potential iret hvyvdroger is su th itmosphere 
ibove the slag Further research will be necessary 
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to determine the effect of moisture added directly 
to the slag or directly to the bath beneath the slag. 

On C-7 similar practice was intended on the same 
type charge, wet and sprayed throughout. In addi- 
tion, green wooden poles were plunged into the bath 
at four intervals for periods of 30 sec. each to deter- 
mine the effect of moisture sources exposed directly 
to the bath. In addition this heat was tapped into a 
newly lined ladle whose preheating had been fol- 
lowed with a pyrometer. This heat was given every 
exposure to moisture conceivable and every rule 
broken except one, the maintenance of an oxidized 
condition. Unfortunately, this heat was not as Oxi- 
dized as planned and another variable was included. 
Because of a bridge in melting, the slag was lower 
in FeO and higher in SiO., and metal residuals were 
not as low as the two previous heats. By tap time 
slag fluidity was 3 in. and no more oxidizing than 
normal. Hydrogen content as melted was 0.19 R.V. 
Forty minutes later with continuous water spraying 
and after exposure to the green poles, hydrogen had 
increased to 0.25 R.V. at tap. This is a 0.06 R.V. 
increase over the melt and 0.10 R.V. higher than 
the previous heat at tap. No doubt the source of 
moisture under the slag supplied by the poles could 
have been a more readily absorbed source of hydro- 
gen. However, a possible effect of the less oxidizing 
condition must be recognized. Further research will 
be necessary to separate these possibilities. The 
ladle used was lined with a rammed mixture of one- 
third clay and two-thirds ganister. After air drying 
several days, the ladle was placed on a vertical heat- 
ing wall, heated slowly for 18 hr up to a temperature 
of 1600 F, and then increased in four more hours to 
a maximum temperature of 2380 F. In spite of such 
preheating, hydrogen was increased from 0.25 R.V 
to 0.32 R.V. from the ladle. Since the lining was 
certainly physically dry this 0.07 R.V. increase can 
only be accounted for by the combined water of the 
clay that was not completely removed by this heat- 
ing cycle 

Heat No. C-S was a basic single slag heat run on 
a furnace bottom that had been filled with water 
over the weekend by an overhead leak. The furnace 
was drained, surface dried for one hour, and charged. 
Very early another leak developed which dripped 
water into the bath throughout the heat. An ex- 
tremely oxidized practice similar to the three pre- 
vious heats was chosen. Several mild boils occurred 
and more carbon was lost in melting and recarburiz- 
ing, but no vigorous boil was obtained. The bath was 
carried to a low carbon, low residuals, and a very 
oxidizing slag which was maintained until the Si 
ind Mn addition 3 min. before tap. Hydrogen con- 
tent between mild boils was an estimated (0.19-0.37) 
R.V. and final hydrogen in the ladle was 0.27 R.V. 

From these four heats some evidence seems pres- 
ent that the chemistry of an extremely oxidized 
metal-slag-atmosphere system either limits or re- 
tards hydrogen absorption. This suggests another 
ipproach to a low hydrogen with the emphasis on 
prevention of absorption rather than improved elim- 
ination. This method however, would require the 
assurance of melting low in hydrogen which has 
only been accomplished with a rimmed steel charge. 
Further research will be necessary to determine if a 
low enough hydrogen melt is possible with large 
proportions of foundry returns and more deoxidized 
scrap. Furthermore, this practice in all but a few 
cases would be less practical than the normal boil 
and from the limited evidence it is less effective 
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against high moisture atmospheres. Of the three 
extremely oxidized heats sprayed with water one 
was equal but two were higher than the two boiled 
heats that were sprayed. 

The next three heats (C-9 to C-12) are cast irons 
made synthetically in the electric furnace from steel 
scrap. A steel charge was melted on an excess of 
fine graphite, a carbon content of about 3.50 pet was 
absorbed, and 2 pet silicon was added a few minutes 
before tap. This method produced a very low-phos- 
phorus iron at a time when pig iron was scarce. On 
all three heats the charge and all additions were 
perfectly dry and the only sources of hydrogen rec- 
ognized were the hydrogen of the charged steel and 
moisture in the air. 

Heat C-9 was made in a basic lined furnace on 
a day of low humidity. Hydrogen content before tap 
was (0.12 R.V. and from the ladle 0.13 R.V. The 
heat was neither oxidized nor boiled. Excess carbon 
was present but residual silicon was very low until 
the addition just before tap. Since no part of the 
heat could be expected to eliminate hydrogen, it was 
presumed that the rimmed steel charge melted very 
low in hydrogen and little more was absorbed be- 
cause of the relatively low humidity and the absence 
of additional sources of moisture. 


For cast iron heat C-10, the same charge was 
melted but in an acid furnace. The principal dif- 
ference was the tendency to reduce a few points of 
silicon toward the end of the heat. Moisture in the 
atmosphere was over twice as high as the previous 
basic heat. The ladle hydrogen of this heat was 
0.19 R.V. This is considerably higher than the 0.15 
R.V. of the basic heat but the higher humidity seems 
adequate cause. 

Cast iron heat C-11 was also melted in an acid fur- 
nace. However, a charge of 0.20 pet Si killed steel 
was melted instead of the 0.02 Si rimmed steel of 
the other two heats. This charge retained a higher 
residual silicon throughout and reduction of more 
Si started earlier and proceeded further than on the 
previous heat. Atmospheric humidity was midway 
between the other two heats which would suggest a 
hydrogen of about 0.16 R.V. purely on the basis of 
the atmosph ‘ric difference. However, actual hydro- 
gen content at tap was 0.21 R.V. This highest hydro- 
gen of the three might be attributed to a higher 
content in the killed steel charge, or it could be 
caused by more favorable conditions for absorption 
due to lower FeO and higher Si throughout the heat. 

The next five heats (C-12 to C-16) were directed 
toward a study of hydrogen pickup after deoxidation. 
A statistical study has indicated that on acid heats 
of this type of steel better ductility is obtained if the 
heats are not deoxidized too early or if the slag does 
not become too low in FeO. However, in some basic 
processes and on some alloy types of steel certain 
compensating advantages can be realized from an 
earlier deoxidizer addition or a reducing slag. The 
quantitative effect of various states of deoxidation 
on hydrogen absorption should be better understood. 
Previous research has indicated that, in genera 
steel has more affinity for hydrogen after deoxida- 
tion and especially during the reducing period of 
the basic double slag heat. This completely deoxi- 


dized state includes a number of conditions that 
might contribute toward greater hydrogen absorp- 
tion: a mechanically quiet bath, the presence of 
deoxidizing elements in the metal, a very low FeO 
in the metal, virtual absence of FeO in the slag, a 
reducing atmosphere above the slag, ete. However 
this represents the ultimate state of deoxidation and 
not all these conditions are met in every steel bath 
that is considered deoxidized. An acid slag might be 
reducing to silica and yet contain over 10 pet FeO. 
Furthermore, small additions of deoxidizers may 
be added to an oxidized bath and slag, deoxidizing 
the bath several minutes before equilibrium forces 
can bring the slag to an equivalent state of deoxida- 
tion. On the other hand the slag might be made 
“reducing” without any deoxidizer addition to the 
bath. In the first case the metal bath is made to 
lead the slag and in the last case the slag leads the 
metal in the deoxidation process. The question 
arises, which is most conducive to hydrogen pick up, 

a deoxidized slag or a deoxidized bath? 

C-12 is an acid heat of SAF 4140 steel (Cr and 
Mo) on which an Overhead leak dripped water into 
the furnace for 10 min. after a prelimnary deoxi- 
dizer addition. The charge consisted of half foundry 
returns and half rimmed scrap with molybdenum 
added. The heat was given a vigorous boil to a 
normal level, recarburized with pig iron and blocked 
10 min. before tap with an addition of 0.40 pet Mn 
and 0.20 Si to a 4-in. slag. Chromium was added 
4 min. before tap and the balance of the manganese 
and silicon 2 min. before tap. The leak was dis- 
covered 10 min. before tap. Hydrogen content of 
this steel at tap time was 0.25 R.V. Heats with sim- 
ilar practice and no additional moisture ran 0.11 to 
0.15 R.V. Heats left oxidizing and sprayed with 
water ran 0.17 to 0.18 R.V. indicating a 0.05 R.V. 
increase from the extra water on an oxidizing bath. 
The 0.25 R.V. of this heat with a leak on a deoxidized 
bath suggests a hydrogen content 0.12 R.V. higher 
than if no leak had developed and probably 0.07 
R.V. higher than if the heat had not been blocked 
during the time of the leak. This theorizing ignores 
the possibility of some increased affinity for hydro- 
gen produced by the alloys present. 

However, no pin holes were encountered and this 
hydrogen content was not higher than the apparent 
average of openhearth steels. For acid practice this 
is typical of a so-called deoxidized bath, a minimum 
deoxidizer addition to a bath under a slightly oxidiz- 
ing slag of 15 to 25 pet FeO content. More hydro- 
gen might have been absorbed under more highly de- 
oxidized conditions. 

Heat No. C-13 is typical of a basic double slag 
practice with a reducing second slag. Ore and rust 
in the charge made this charge melt very oxidizing 
and low in C, Mn, and Si with no more than several 
mild boils. Slag was drained to remove phosphorus. 
A reducing slag mixture of dry lime, spar, graphite, 
and fine calcium-silicon was added, followed by re- 
carburizing pig iron and a block of 0.40 pet Mn and 
0.20 pet Si. The bath remained quiet and deoxidized 
for a total of 35 min. the last 10 min. of which the 
slag was definitely reducing as indicated by a car- 
bidic slag. All additions were dry and the ladle and 
spout had been used several times. Only the ladle 
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sample was analyzed. Hydrogen content was 0.21 
R.V. This is apparently equal or lower than the 
average for basic heats of this type. However, in 
view of the care exercised in keeping materials dry 
and the average humidity, this is rather high in 
comparison with the more oxidized acid heats. 
C-14 is an attempt to investigate the hydrogen 
absorption tendencies of a supposedly deoxidized 
bath under an oxidizing slag. A charge of rimmed 
and killed wrought scrap was soaked, and melted 
with water sprayed throughout the heat. As in- 
tended, a 2 pet ore addition produced a boil of nor- 
mal violence but ending with unusually low residuals 
of 0.06 C, 0.02 Si and 0.08 Mn and a very high FeO 
slag. A deoxidizing addition of 0.40 pet Si was made 
to this highly oxidized bath. Gradual oxidation of Si 
required replacement with several other Si additions. 
\ total silicon addition of 0.90 pet was added to obtain 
the final of 0.42 pet. This condition was maintained 
for 30 min. with the water being sprayed. Mangan- 
ese was added 3 min. before tap. Hydrogen at melt 
was 0.20 R.V.; after the boil an estimated (0.10-0.20) 
R.V., 15 min. after the block 0.29 R.V 


tap 0.16 R.V.. and from the ladle an estimated 


, 5 min. before 


(0.19-0.30) R.V. According to these samples hydro- 
ven jumped up and down several times during the 
heat. This could justify suspicion of certain samples 
but no basis was found for suspecting one more 
than others. On the other hand, some occurrences 
between samples 
the hydrogen change. At the time the 15 min. block 


might be theorized as the basis for 


sample was caught, a slight bubbling activity was 


observed on the bat! hardly vigorous enough to be 
called a boil and producing no significant carbon 


drop. Mor ilicon was added to restore that lost, 
ind the activity subsided. This very nearly hap- 
pened again about S min iter before the next Si 
addition 

It seems vet ikely that tl 0.20 R.V. melt was 
lecreased to about 0.15 R.V. by the boil and then 
increased after the block to the 0.29 R.V. Then as 


the Si was depleted by oxidation from the metal and 


the FeO of the bath increased, some hydrogen could 
have been rejected because of decreased solubility 
wccounting for t drop to 0.16 R.V. If this did 
occur, tl ctivity observed might have been prin- 
cipally a hydrogen boil rather than a carbon boil. Of 
course, ol rrone imple would destroy the 
basis of this explanation and make other theories 
just as likely. No « ior hould be drawn from 
iny one heat nd especially ti ne that Was so 
hard to kee] u wit The author would like to see 
this occurrence repeated with closer observation of 
bath activity and mor mipre \lso, another heat 
might be run u imilar way but keeping the silicon 
level | r and intaining the oxidizing slag by 
several FeO add 
The next tw ‘ C-15 and C-16, were intended 
to investigate t ther extreme t reducing-acid 
lizer added to the bath. Of course, 
mately deoxidizes the metal bath and 
ni? mt ins mtent to the 
steel. It was intended t pray these heats through 
out. However r not be maintained on the 


40—JOURNAL OF METALS, JANUARY 1950 


viscous low FeO slags, and the spray had to be re- 
moved. As a result these heats were exposed only 
to atmospheric moisture during the reducing period 
under investigation. 

On C-15 a charge of killed steel was melted under 
a continuous water spray. Humidity was high. A 
5 pet ore addition produced one of the most violent 
boils reaching a maximum carbon elimination rate 
of 1.72 pet per hr. By driving the furnace hard the 
carbon was carried to 0.17 C with 0.07 Si and 0.14 
Mn. The slag was drained and a second reducing 
slag added, consisting of a mixture of sand, lime, 
graphite, fine ferrosilicon, and manganese oxide. A 
recarburizing addition of 0.08 pet C was made. With- 
in a few minutes the slag began reducing Si with all 
the “puffing and blowing” associated with the pro- 
cess. The water spray had to be removed. The steel 
remained under this slag for 31 min. Manganese 
was added 2 min. before tap. No silicon was added; 
the final of 0.49 pet Si was all obtained by reduction. 
Hydrogen content after the boil was 0.09 R.V., mid- 
way of the second slag 0.11 R.V., and from the ladle 
an estimated (0.25 to 0.45) R.V. and more probably 
(0.30 to 0.40) R.V. In all probability this was the 
highest content in the carbon steels investigated. 

One significant observation from this heat was the 
very low hydrogen obtained after the boil in spite 
of the water spray. This can be most readily at- 
tributed to the extreme violence of the boil. Neither 
the length of the boil nor the lowest carbon were 
excessive. A second conclusion is the obvious in- 
crease in hydrogen under the reducing slag even 
with liberal allowance for experimental error. 

Heat No. C-16 was finished with a similar long 
g. Again the water 
spray had to be removed before real reducing con- 
ditions had been developed. Atmospheric moisture 
content was less than half that of the previous heat. 
The principal difference in working the heat was the 
relatively mild boil with a maximum elimination rate 
of 0.60 pet C per hour. The same second slag was 
added and all 0.56 pet Si obtained by reduction 
Hydrogen content after the boil was 0.22 R.V., 5 min. 
before tap 0.18 R.V., and from a used ladle 0.28 
R.V. Although the 0.28 R.V. final hydrogen was 
high compared to more oxidized heats, the major 


period under a reducing acid s 


portion was not absorbed under the reducing slag, 
but retained after the boil. 


The lower middle sample is hard to explain. From 
impling standpoint this nple from a quiet bath 
yild be more readily questioned than the boil and 
ladle samples that followed considerable mixing of 
the bath 


This seems further confirmation that a steel bath 
seeks an equilibrium between its capacity for hydro- 
gen and the external source of hydrogen. When 
hydrogen content is low and below this equilibrium 
the tendency to increase is much greater than when 
ilready high and approaching or above this equilib- 


rium level 


The author will conclude this article next month 
with further data and discussion of results, as well 
as an analytical study of evolved gas. 


| 
on 
‘ 
‘ 


HE development of high temperature, high 
alloys had proceeded with such rapidity 
during the war, and for a short time afterward, that 
our knowledge of the constitution of the alloys had 
interpret 


stres 


become se! inadequate. To cor- 
alloy behavior it is not only 
the phases present, but also to know the 


phases under all varieties of con- 


iously 
rectly necessary to 
recognize 
properties of the 
and treatments 

in these high temperature alloys holds 


aitions 

Chromiun 
the unique distinction of being the only one element 
which must be present when an oxidizing or gen- 
| present and when a 
Carbon and nitrogen 


erally corrosive atmosphere is 
life is desired in st 

lso be considered where chromium ts present 

an impurity in 


ryice 


Carbon always present, either as 
the raw alloying elements, or as a deliberate addi- 
tion agent to increase the strength. Nitrogen is gen- 
erally picked up from the atmosphere during melt- 
ing or may be added as an alloying element. The 
effect of nitrogen additions is not too dissimilar to 
that of carbon additions 

As such, chromium carbides and nitrides become 

great interest since they are present in a very 

ge number of alloys, including alloy steels, stain- 
and the like 
chromium-carbon system there are three 
Cc. and Cri The 
existence of one more carbide, a still higher carbon 
form CrC, has been advanced The phase diagram 
of chromium and carbon as published by Friemann 
and Sauerwald and by Tofaute, Kuttner and But- 


teels, super alloys 
In the 
accepted carbides 


The chromium-carbon system up to 20 pct carbon was re- 
investigated using metallographic, X ray, and thermal analyses. 
The transformation temperatures pertinent to the three known 
carbides were examined, resulting in higher temperatures than 
heretofore given for some of these transformations. Many attempts 

were made, all unsuccessful, to form a carbide “CrC”. 


by David S. Bloom and N. J. Grant 


The System 


Chromium-Carbon 


tinghaus’ do not extend beyond the carbide Cr,C,, 
which contains 13.3 pet carbon; but Hatsuta’ has 
extended the diagram up to 20 pet carbon, and in 
doing so hypothesized, with the use of some ques- 
tionable experimental results, the compound CrC. 
This carbide would contain 18.75 pet carbon, 81.25 
pet chromium, by weight 

It is further known that as the chromium car- 
bides increase in carbon the acid resistance increases 
but the oxidation resistance decreases’. This is of 
great importance in high temperature alloys where 
time-temperature stability, as well as oxidation re- 
sistance, is of prime importance. The possible ex- 
istence of a carbide of the formula CrC thus be- 
comes of prime importance and it was considered 
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revision received 


important to recheck the chromium-carbon binary 
constitutional diagram for such a compound 

In view of the wide spread of values listed for 
the melting point of chromium (1500 to 1850°C) 
and 1930 C’, it was considered that the liquidus 
temperatures might well be redetermined more ac- 
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1—Arrangement 


for Melting in Large 
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Vacuum Melting: 


Induction Furnace. 


GAAPHTE 


ELEC TROOE GRAPHITE CAUCIRLE 


0000000000000000000000000060- 
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by working with high materials 


trogen the 


purity 

element 
previously determined 
known to lower 
everely 


most logical to cause 


melting point in 
Oxygen is 


onal diagram 


not a 


of the problem was to endeavor 


de by anv of the tools 


olved 
mercury 


rhe first method tried inv 

than 10 mm of 
the 
crucible 
heat- 
melt 


melting oc- 


ised throughout 
dina graphite 
ible 

carbon 


When 


acting as a 


to the 


Table 
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chromium metal was found deposited on the cooler 
furnace surfaces above the melt after cooling. In- 
asmuch as the boiling point of pure chromium is 
about 2480°C", it may be considered that there was 
an appreciable amount of chromium vapor above 
the melt; therefore, the actual temperature of the 
body of the melt was probably higher than 2250°C 
No temperature correction was made for this chro- 
mium vapor during optical readings 

Examination of the ingot by X-ray diffraction in 
a Phragmen camera, and by comparing the diffrac- 
tion pattern with that of known chromium carbides 
that the resultant metal was 
excess carbon. The total carbon content 
oxidation of the carbon and col- 


and carbon, showed 
Cr.c 
as determined by 
lection of the oxide was 16.50 pct 

The maximum temperature attained 
siderably above that of the estimated melting point 
of CrC, as given by Hatsuta’; however, the resulting 
products did not include CrC that 
CrC could exist as a high temperature phase and 
break down to Cr,C. and carbon upon cooling; but 
since an examination at the elevated temperatures 
was not possible, the next best thing was to suppress 
rapid cooling any transformations which 


plus 
con- 


was 


It was possible 


by a 
might occur 


very 
on slow cooling 


Melting Under a Protective Atmosphere: There- 
the subsequent series of experiments consisted 
the graphite crucible 
hole in the bottom with a 
rod. After reaching desired 

chromium carbide 


fore 
of melting 
had a 
stopper 


chromium in a 
plugged 
the 

could be 


which 
graphite 
temperature, the 
poured, by pulling the graphite stopper, into a cop- 
mold The whole assembly 
operated in an However, the 
maximum temperature was only between 
1700 -1800 C, as determined by the optical py- 
rometer, and this was not satisfactory 


quick cooling 


atmosphere 


per fol 


argon 


reached 


Another attempt to achieve a high 
a rapid quench required 


Are Furnace: 
temperature followed by 
the use of the tip of a graphite electrode in an elec- 
furnace as the heating element. The chro- 
drilled and tapped in 

was then 
After heating by 
electrode was removed and 
was found that a maxi- 


tric 
mium was hole 
the tip of the electrode: the 
with a threaded graphite plug 
drawing the 
quenched in cold water. It 


are 
inserted in a 
hole sealed 


an are 
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Fig. 2—Heat 23. Total Carbon 23.9 pet. 


Ditiraction pattern of Crof « Phragmen camera 


el 


# 


angular coverage of 28° to 57° 


Chromium target 


$2.2 mm radius) with 


mum temperature of about 2200°C (as measured by 
the optical pyrometer with the electric are shut off) 
was reached. The resulting product was again Cr,C 
plus carbon 

64KW Motor-generator Induction Furnace: 
next method tried involved the use of a much 
larger furnace and power supply (see fig. 1). The 
induction furnace coil of 28 turns of copper tubing 
was 12 in. in diam. Inside of the coil was placed 
a graphite electrode 6 in. in diam and 6 in. high 
containing a hole in its center. In this cavity the 1 
in. diam crucible containing the chromium carbide 
charge was placed. With an applied power of 49 
kw at 67 amp, a temperature of 2300°C was attained 


by the melt. The temperature was determined by 


Fig. 3—Heat 23. Combined Carbon 11.3 pet. 


Cra Cet (rat 
etch Slightly 


Hlectrolytic NaOH 


reduced in reproduction 


per sectic and tree graphite 
an optical pyrometer, and inasmuch as a greenish 
vapor was Visible the melt it is considered 
that the temperature of the melt was higher than 
that the pyrometer reading. The crucible was 
then quickly removed and quenched in water. The 
result was Cr.C. and carbon again, the total carbon 
being 23.9 pet by weight (see fig. 2 and 3). Table 1 
lists the data for all illustrations 


above 


ol 


Menstruum Melting: One of the methods used to 
make was also used to try to 
produce iron, and other metals 
may be used as menstrua. Accordingly, in an effort 
to make CrC, an aluminum menstruum melt was 
made in the vacuum fusion apparatus. A tank of 

to the system, that afte! 
argon could be bled into the 
of the run made under 


refractory carbides 
Crc. Aluminum, 


connected so 
vacuum, 


the remainder 


was 
in 
and 


argon 
melting 
svstem 


Fig. 4—Heat 28. Diffraction Pattern of 


Cr Alc. 


The 


approximately atmospheric pressure to prevent ex- 
chromium or menstruum metal. 

After the graphite crucible containing the chro- 
mium and aluminum had been at 2000°C for 20 
min. and then cooled, the ingot was placed in a 1:1 
HC! acid solution for two days. The residue was a 
dark grey, flaky substance. X ray analysis revealed 
that the substance was none of the chromium car- 
bides previously encountered. However, chemical 
and spectroscopic analysis showed that the com- 
pound was actually Cr.AIC (see fig. 4 and 5) 

The next menstruum metal tried was nickel. 
molten metal was held at 2000 C or higher 
about 30 min., after which it was removed and 
placed in a 1:1 HCl solution for four days. An 
X ray diffraction pattern of the residue identified 
it as being Cr,C 

Copper was also tried as a menstruum metal. The 
melt was held at 1800 C for approximately 30 min 
The ingot, upon solidification, was found to consist 
of two layers; the lower being coppery in color and 
was completely dissolved in nitric acid, the upper 
section was metallic in and suffered 
practically no alteration in nitric acid. X ray dif- 
fraction showed that it was Cr,C 


cessive loss of 


The 
for 


color 


grey 


Diffusion: Finally an attempt was made to make 
CrC by diffusion at high temperatures in the solid 
state. Cr.C. with enough additional carbon to bring 
the carbon content up to 26 pet was ground and 
compressed the form of pellets, one being 
pressed at 61 tons per sq in., the other at 102 tons 
These two pellets were then placed in a 
graphite crucible, surrounded by powder of the 
same composition as the pellets, and held at 1800 C 
for 6 hr in a vacuum. Examination of the pellets 
showed that some chromium had diffused out of the 
pellets, but by X ray diffraction it was determined 
that only Cr.C. and carbon present. 

No other means of preparing CrC_ presented 
themselves, unless the possibility melting chro- 
mium and under high tem- 
peratures could be investigated; however, it seemed 
that the carbide CrC did not exist in 
normal melting 


into 


per sq In 


were 


of 


carbon pressures and 


conclusive 


an apparatus whereby 
melted in a high 
with temperatures deter- 
mined by a thermocouple 

the chromium-carbon phase diagram was reinvesti- 
The apparatus used is illustrated in fig. 6 
The tungsten-molybdenum thermocouples (0.020 
in. diam) were encased in alumina tubes cemented 
to bervllia protection tips which projected well into 
the molten carbide. The emf of the thermocouples 


Phase Diagrams: Using 
chromium and carbon 
purity argon atmosphere, 
tungsten-molybdenum 


could be 


gated 


Same camera as te 
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was first determined by a potentiometer, but this 
was replaced after a few runs by a Leeds & North- 
up “Speedoma»x automatic recording potentio- 
With this instrument a continuous record 


time lag occurring between a 


meter 
with practically no 
temperature change and its recording was obtain- 
able 

The chromium used in this work was electrolytic 
chromium obtained from the U. S. Dept. of the 
Interior, Bureau of Mine It contained 0.40 pect 
| ulphur, and 0.004 pet 
Since all the contained carbon the 
reduced to values below 0.02 pet. Nitro- 
analyzed by vacuum fusion, 


iron, 0.5 pet oxygen, 0.01 pet 
carbon alloys 
oxveen Wa 
en in the final alloy 
was le than 0.01 pet. Accordingly, the alloys con- 
tained only the iron contamination which was of 
ignificant magnitude. The results of some of these 
heats are shown In fi 7 through 14. Fig. 7 is a 
photograph of a slowly cooled portion of an ingot 
f Cr.C and « chromiun 
the top surface of the same ingot, and the effect of 
the more rapid cooling is evident. Fig. 9 shows an 
g. 10 and 11 show Cr.C, and 
tals being Cr.C, and the matrix 
being Cr.C plus Cr-C Fig. 12 and 13 show some 
' and carbon, the dark areas being 

aphite deposits which have been etched out. Fig 
14 shows an ingot consisting of Cr,C, Cr.C, and 
carbon, the carbon being etched out while the Cr,C 


Fig. 8 shows a section near 


practica intouched 

In Fig. 15 1 hown the chromium-carbon phase 
diagran hich tt investigat.on showed to be more 
nearly correct than those previously published. The 
melting points of a the carbide are indicated a 
being higher than those given in previous deter- 
mination ind are immarized in Table I 


Table I. Melting Points of Carbides 


‘ Crt. SC Cra 

rhe determinat { the melting point of chro- 
mium, noted at 1930 10 C in this work check 
quite well with that ven by Parks and Bens 


1 C. These two most recent 
point of 


reported 
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Fig. 5—(left) Heat 28. Cr AIC Crystals in Aluminum 
Carbide Matrix (with Graphite). 
100X 


Slightly reduced in reproduction 


U netched 


Fig. 6—(below) Apparatus for Fusion in Argon 
Atmosphere. 
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values. Values as low as 1550 C must have been 
due to severely contaminated chromium metal, par- 
ticularly with respect to nitrogen (also carbon) 
which drastically lowers the melting point of chro- 
mium—as is indicated by the chromium-carbon and 
chromium-nitrogen diagrams 


The selected chromium-carbon diagram is pat- 


terned after the one reported by Hatsuta’, with the 
corrections and exceptions listed below. The dia- 
gram in the Metals Handbook, 1948, p. 1181, is also 
apparently patterned after Hatsuta: howeve the 
source of one or two change is not given, nor 1 
Hatsuta’s work referred to 

In the present work, most of the temperatures of 


transformation have been redetermined ot 


determined for the first time Further, a trans- 


formation characterized by a horizontal line in 


and in the fields of the Hatsuta dia- 
gram has been eliminated. This apparent trans- 
formation was not found experimentally consis- 
tently: and in the two heats in which it was de- 


tected, some Cr.C was found whicl 


of the thermal arrest. Changes in the solidification 
and cooling rates play an important role in detecting 
this thermal arrest by alltecti the fe nation and 
retention of Cr.C. This transformation, when de 

tected, occurred at about 1520 C, which ilso the 
olidification tempera Cra In the heat it 


which carbon was already 
the Cr.C solidification was nm 


188 


% 
: . 
4 
tha 
| | 
; which was tot 
determinations definite im 
pure chromium far above all previously detected. Only in 
= 


Combined Carbon 2.88 pet. Fig. 9 (above)—Also Heat 31. 
Annealed hr at 1350°C Shows chromium matrix plus Cr 
trolytic NaOH etch 


Fig. 10 (below)—Heat 40. 


Combined carbon 5.5 pet As cas Shows undecomposed primar. 
and Crd Cre€ peritectic ectrolyti 1 pet HCL etch 
Both illustrations slightly reduced in reproduction 


t sample (slow cooled section of ingot) showing @ chromium, Cri 
and graphite 1D pet HCI, electrolytic etch 


Fig. 8 (below)—Also Heat 31. 


ctron of ingot showing the Crif chromium eutectic 
illustrations slightly reduced in reproduction 


Fig. 12—Heat 39. Combined Carbon 11.1 Pet. 
6 hr at 1350°C Cra matrix plus Cr Tlectrolytic NaOH 
7s Both Ulustrations slightly reduced in reproduction 


Fig. 11—Also Heat 40. 
350% Shows same phases as fig. 12 after some de Annealed 1 
Hlectrolytic NaOH etch. etch 


1 which carbon and chromium were charged The existence of the carbide CrC, as indicated by 
C transformation apparent in the Cr.C Hatsuta’ and Sykes in the Metals Handbook, was 


field, and the heat evolution at that tem- in no way indicated by any of the work reported 


considered to be the solidification of herein. The formation of a compound possessing an 
X ray diffraction pattern unlike any of the known 


>of Cr.C in the ingot 
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chromium carbides can be explained if melting to 
form the carbides was not done under vacuum or a 
correct protective atmosphere. It has been shown 
that electrolytic chromium can absorb appreciable 
percentages of nitrogen from the atmosphere in 
only a few minutes if melted in a crucible open to 
‘ the air. A chromium nitride is undoubtedly formed, 
i and a microscopic examination of a_ solidified 
chromium ingot which has been exposed to the at- 
mosphere while molten, especially during the initial 
e melt-down period, shows a yellow constituent, very 
imilar to the description applied to the compound 

It considered that the phase diagram in the 
region of CrC and increasing carbon as shown by 
the dotted lines is the most probable construction 

Me jecause of the high temperatures required (in ex- 
of 2000 C) and the presence of carbon it is 
4 difficult to find a suitable refractory for work in this 


field. Magnesia reacts with chromium-carbon solu- 
tions at 1900 C:; zirconia is good only for a limited 
i time. A graphite crucible seems the only possibility 
' and for this reason it was possible to obtain onlv a 
a olidification point of Cr.C.. The melting point of 
4 : pure chromium was obtained in a zirconia-lined 
dense magnesia crucible 
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Fig. 13 (above)—Also Heat 39. 
Annealed br at 1350°C Shows primary Cra and Cra Cra 
peritectic Electrolyti NaOH etch. 75°N 
Fig. 14 (below)—Heat 41. 
Comb: ned arbon 12.78 pet As cast Loadecomposed with long 
Cra graphite Electrolytic NaOH etch Both 
illustrations slightly reduced in reproduction 
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Electrical Resistivity 


and Thermoelectric Power of 


Antimony-Selenium Alloys— 


by B. D. Cullity, M. Telkes 


and 


John T. Norton 


This research was initiated in an attempt to find a 
material for use in thermoelectric generators and al- 
though none of the antimony-selenium alloys is suitable 
for this purpose, the properties of SbSe. indicate that 
it may have applications as a thermistor material. 


HIS investigation of antimonv-selenium allovs Hansen's judgment, the most accurate phase dia- 


was undertaken in an attempt to find a suitable gram is that determined by Parravano, in 1913 and 
material for use in power-generating thermo- this is reproduced in the upper part of fig. 1. The 
couples. The chief requirements for such a material most notable parts of this diagram are the liquid 
are high thermoelectric power, low electrical resis- miscilibility gap, extending from about 12 to 36 wt 
tivity and low thermal conductivity’. Measurements pet selenium, and the intermediate phase Sb.Sce 
of the first two properties mentioned are usually containing 49.3 wt pet selenium. The crystal struc- 
sufficient to determine whether or not a material ture of Sb.Se, has not been determined 
is suitable for use in a thermoelectric generator Pelabon made measurements of the electrical 
As a first approximation the requirements are resistivity of a few antimony-selenium alloys but 


his investigation was not very complete. He found 


1. Thermoelectric power greater than 200 micro- 


volts pe! a Electrical resistivity less than that the resistivity increased with the selenium 
0.002 ohm-cm 3 content and became 
very large the 


Thermal conductivity 
less than 0.015 watt 
per cm per C. These 


B. D. CULLITY was Research Assistant, Dept. of composition of Sb.S« 
Metallurgy Mass. Inst. of Tech., Cambridge, Mass. at was approac hed. For 
the time the paper was written; later Scientific Liaison 
Officer, Office of Naval Research, London, England 


quantities are aver- alloys containing les 


ages for the operating presently Asst. Professor, Dept. of Metallurgy, Univ than 50 at pet (39.3 
temperature range of Notre Dame. Notre Dame. Indiana : wt pct) selenium, he 
Previous Work M. Telkes and John T. Norton are Research Asso- found that the re- 
Experimental in- ciate and Professor of Metallurgy, respectively, Mass istivity increased 
vestigations of equi- Inst. of Tech., Cambridge, Mass regularly with tem 
librium in the New York Meeting, Feb. 1950 perature For alloy 
antimony - selenium TP 2745 E. Discussion (2 copies) may be sent to containing larger 
system have been Transactions AIME. before Apr. 1, 1950, and is tenta- amounts of selenium, 
tively scheduled for publication Nov. 1950. Manuscript 


he found various re- 


summarized by Han- 


received July 1. 1948: revision received Oct. 7, 1949 


ore ; 
sen. These investiga- Publication No. 25, M. 1. T. Solar Energy Conversion een in some Cast 
tions extended from Research Project the resistivity de- 
1906 to 1921. In creased with increa 
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| 
ing temperature and in others it increased, passed 
through a maximum and then decreased as the 
temperature was raised 
Pelabon also measured the thermoelectric power 
of some antimony-selenium alloys. He found that 
it was almost the same as that of pure antimony for 
/ alloys containing up io 50 at. pet selenium; for 


the thermoelectric power 
large at the composition 


greater selenium contents 


increased, becoming very 
Sb Se 
The extensive 


ity and 


concerning the resistiv- 
of selenium 
and his 


and 


literature 


thermoelectric powet has been 


collabo- 


summarized recently by Borelius 


Using 


carefully 
experimental arrangements, they 
interpreted in terms 


rators very pure material 


controlled ob- 


results which could be 
Wilson-Fowler theory of 


tained 
of the 


semi-conductors 


Kozlovskii and Nasledov studied the resistivity 
‘ and thermoelectric power of selenium and selenium 
3 alloys containing | to 5 pet antimony. They found 
; that increasing additions of antimony increased the 
resistivity and the thermoelectric power, the maxi- 
i mum effect being obtained with 4 pet antimony 
Nasledov’ and Nasledov and Malyshev’ found the 
° same effect with additions of small amounts of 
antimony to selenium 
Experimental Methods 
In the preparation of all alloy a “special high 
purity grade of selenium wa ised, containing 
¥ more than 99.99 pct selenium and obtained from 
the American Smelting and Refining Co Lone 
Star” antimony from the Texas Mining and Smelt- 
ing Co. was used in making most of the alloys; it 
: contained 99.9 pct antimony, Fe, S and As being 
: the chief impuritie 
| 
AY 
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=, | 


= 

ww Ng 

| 
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m Equilibrium Diagram, 
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Fig. 1—Antimony 
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allovs investigated had relatively 
was possible to prepare them 
this kind 


Pyrex 172, has 


Since all the 
low melting points, it 
special 


used. It 


tubes and for purpose 


was 


in glass 
of Pyrex, known as 
a softening temperature of about 925 C 

After 


melting in vacuo in sealed tubes, the alloys 


were allowed to solidify in the tubes and the re- 
sulting ingots measured 1 to 2 in. in length and 
about *s in. in diam. All alloys were extremely 
brittle and had a large grain size. None of the 
alloys was chemically analysed: all came cleanly 
away from the glass tube and there was no doubt 
that all the metal added had entered the alloy 

Electrical resistivity was found by measuring, 
with a potentiometer, the potential drop along a 
known length of alloy when a known current was 
flowing. The specimen was clamped in a special 
fixture between two current electrodes of flat, 
braided cable made of tinned copper wire. The 
potential leads consisted of two steel needles ap- 
pled to the surface of the specimen at a distance 
of 1 cm apart. The current used varied from about 
l amp to a few microamperes, depending on the 
resistance of the specimen. In a few cases of very 
high resistivity, where this method failed, a Wheat- 


stone bridge or a modification of the voltmeter 
ammeter method was used. The temperature coef- 
ficient of resistance was measured over a range of 
about 15 -100 C by immersing the specimen in 
a heated oil bath 


the alloys Wa 


over a 


The 
measured 


thermoelectric power of 


relative to temperature 


about 15 -100 C 


coppet 


range of and was taken as posi- 


tive if the direction of conventional current flow 
was from specimen to copper at the cold junction 
The specimen was clamped between two coppe 
blocks, one heated by team and the other cooled 
by a stream of water, the difference in temperature 
between the two blocks being indicated by a dif- 
ferential thermocouplk The thermal EMF wa 


measured by means of a potentiometer connected 


to the copper blocks with copper lead wire 


Experimental Results 


Electrical Resistivity: The electrical resistivity at 
25 C of as-melted low-selenium alloys hown in 
the lower part of fig. 2. The increase in resistivity 


mainly to sohd 


due 


when selenium is added is 


olution of 


1 to be re 
holding exactly 
lapping the next 


number of positive hole 


and an equal number of el 


the positive thermoelectric power of antimony sug- 
gests that it is the positive holes, rather than the 
electrons, which carry the current since the thermo- 
electric power has the ame gn a the char 

earrier. The addition of selenium, which has more 
valence electror than antimony, would be expected 
tk increase the concent tion of ee electror and 
fecrease the concentration of tree hole ind thu 


rved 
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— 
a nium in antimony. Antimony itself 
as a metal with one Brillouin zone 
re =] electrons per atom, slightly over- 
~ one There are thus a small 
es created in the inner zone 
+ & 
—" increase the resistivits rh Is eXactiv the 
‘ effect 
1 1? t ‘6 wt pet seleniun cl | mi ible by 
5 aires 


° 
ric Power 


1s x 1079 


ermoelectr 


(ohm cm.) 


Realettvity 


2 6 6 10 


Weight Percent Selenium 
Fig. 2—Electrical Resistivity at 25°C and Thermo- 
electric Power (Relative to Copper) of Low-Selenium 
Antimony-Selenium Alloys. 


the usual fusion methods because of immiscibility 
in the liquid state. Since investigation of the other 
alloys of the system showed that alloys with com- 
positions within the miscibility gap could not have 
a thermoelectric power greater than + 50 microvolts 
per C, no alloys in this composition range were 
investigated 

The resistivities at 25 C of alloys whose compo- 
sitions lie on the other side of the miscibility gap, 
namely between 36 and 100 wt pct selenium, are 
plotted on a logarithmic scale in fig. 3. The values 
reported are for as-melted alloys, if the selenium 
content is 49.3 wt pet selenium (SbSe,) or less, 
and for annealed alloys if the selenium content is 
larger than this amount 

Annealing greatly reduces the resistivity of the 
high-selenium alloys which, in the as-melted con- 
dition, have resistivities as large as many insulator 
This is shown by table I 


Table I. Effect of Annealing on Resistivity 


25° 


Resistivity at ohm cm 


We Pot 


Selenium As 


melted 


Selenium, either pure or existing as such in alloys 
as a second phase, solidifies in the amorphous form 
when cooled at any normal rate from the liquid 
state. This form has a very high resistivity and 
gives an X ray diffraction pattern characteristic of 
a liquid; in fact, it is probably best considered a 


super-cooled liquid. Annealing at a temperature 
of about 200 C rapidly converts this form into 


crystalline, so-called “metallic’* selenium which 
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has a hexagonal crystal structure and a much lower 
resistivity 

The most interesting portion of the curve of fig. 3 
relates to alloys approaching Sb.Se, in composition 
It shows an extremely rapid increase in resistivity 
with increasing selenium contént: an increase of 
only 0.3 wt pet selenium, from 49.0 to 49.3, In- 
creases the resistivity over 30,000 times 

The large resistivity of Sb.Se, suggested that this 
substance might be a semiconductor. Experimen- 
tally the temperature dependence of the resistivity 
of Sb.Se, was found to be in very good agreement 
with that predicted theoretically by Wilson for 
an impurity semiconductor 


l 


Ae [1] 


where p resistivity (ohm cm.) 


conductivity (ohm cm 
A constant 
SW energy gap between the impurity levels 


and the top of the lower full band 
(electron volts) 


k Boltzmann's constant 8.62 10 
electron volt per deg 
1 temperature (A) 


The value of \W for Sb.Se. was found to be 0.80 
electron volt 

In general, the properties of semiconductors are 
very difficult to reproduce from specimen to speci- 
men and Sb.Se, is no exception. The resistivities of 
three alloys, all made up to have the compositions 
of Sb Se, were found to be as in table II 

The values (table II) also show effect of anneal- 
ing in vacuo for 72 hr at 500°C. The reduction in 
resistivity so obtained is minor in comparison with 
that produced by the addition of impurities, as 
will be shown later 

An X ray diffraction powder pattern of SbSe 
showed a very large number of diffraction lines 
No attempt was made to determine the structure 
but it appears to have less symmetry than a cubi 
tetragonal or hexagonal lattice 


id 


Fig. 3— 
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curves 
The practi- 
containing more 
to the fact that 
both semi- 


electrons from 


pe rh ips 


closest neighbors 


have 


atom 


phases. At one extreme, the two constituents could 
occur in series with respect to the current flowing: 
the resistivity of the alloy is then a linear function 
of the volume composition. At the other extreme, 
the two constituents could occur in parallel; in this 
case, the shape of the resistivity curve depends 
markedly on the relative resistivities of the two 
phases. For example, if a small amount of a phase 
with low resistivity is added in parallel to a phase 
with high resistivity, the resistivity of the alloy 
will decrease very abruptly, in a manner similar to 
that of fig. 3. Physically, a parailel arrangement 
of phases means that threads or filaments of an- 
timony must run through the alloy from one end 
of the specimen to the other. The phase diagram 
given in fig. 1 shows that an alloy containing some- 
what less antimony than Sb.Se, consists of crystals 
of Sb.Se, imbedded in a eutectic matrix of antimony 
and SbSe,. Metallographic examination of alloys 
in this composition range showed that the eutectic 
was platelike in nature, so that an electrically 
parallel arrangement of phases in this alloy would 
demand that the plates of antimony in the eutectic 
be interconnected throughout the length of the 
specimen. It is very unlikely that this condition is 
completely fulfilled, but its partial fulfillment may 
be responsible for part of the observed rapid de- 
cre: in resistivity when antimony is added to 
Sb. 


Thermoelectric Power: The thermoelectric powe: 
of as-melted low-selenium alloys is plotted in the 
upper part of fig. 2. As selenium is added to an- 
timony, the thermoelectric power increases slightly 
at first and then remains constant 

Values of the thermoelectric power of alloys 
whose compositions lie on the other side of the 
liquid miscibility gap are plotted in fig. 4. The 
main feature of this curve is the abrupt and large 
increase in thermoelectric power at the composi- 
tion of Sb.Se, a change even more abrupt than the 
change in resistivity 

The values for the thermoelectric power of alloys 
containing more selenium than Sb.Se, were obtained 
with annealed alloys. Repeated measurements on 
the same specimen did not agree very well and the 
values given are to be regarded as only approximate 

The most interesting part of fig. 4 is the abrupt 
change in thermoelectric power at the composition 
of SbSe The rapid decrease in thermoelectric 
power of SbSe, as antimony is added is probably 
due to a combination of the same two effects which 
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Resistivity 


0.8 1.0 

(electron volt) 

cause the rapid decrease in resistivity, namely, the 

formation of a solid solution and the addition of 

a second phase of radically different properties 
The thermoelectric power, as well as the resis- 

tivity, of Sb.Se, varied from specimen to specimen 

and was increased somewhat by annealing 72 hi 

at 500 C as shown in Table III 


Table HL. Effect of Annealing on Thermoelectric Power 
microvolts per 


As melted Annealed 


Wilson's theory of semiconductors was applied 
by Bronstein” and Fowlet to the thermoelectric 
effects in a semiconductor vs. metal circuit. Their 
results are practically identical. For the thermo- 
electric power of a hole, or defect, semiconducto! 
relative to an ideal metal, Fowler found 


AW 
) 108 10 


2eT 


0.5 sW 
r 
where @ thermoelectric power (volt per deg) 
e absolute value of the electronic charge 
(electron charge units) l 
This equation may be used to obtain an independent 
value of AW. The thermoelectric power of annealed 
Sb Se, is 1300 microvolts per C, measured over the 
temperature range 10 - 100 C 
thermoelectric power and the median temperature 
of 328° abs. (55 C) into Eq 2, one obtains 0.78 ev 
for AW, in very good agreement with the value of 
080 ev. found from the variation of conductivity 
with temperature for the same specimen 
Effect of Impurities on Sb Se: 
its properties should be quite sensi- 


Inserting the 


Since Sb Se, is a 


semiconductor, 


Fig. 5—-(left) Val- 
ues of Resistivity 
and Energy Gap for 
Various Mbodifica- 
tions of Sb Se.. 


Fig. (right) Di- 
rect Current - volt- 
age Curve for a 
Bead Thermistor 
Sb Se 
(Alloy SS 32). 


5 
Mill iamperee 
tive to changes in the impurity content. In order to 
investigate the effect of impurities, alloys were pre- 
pared with different grades of antimony and differ- 
ent additions of a small amount of a third con- 


stituent 
The properties of these alloys in the as-melted 


condition are given in table IV. The composition 
of Lone Star antimony has already been given 
RMM antimony is a less pure grade, containing 99.8 
pet antimony; its use decreases the resistivity of 
Sb.Se, as one would expect, since the general rule 
is that the addition of impurities to semiconductors 
decreases their resistivity Use of still another 
grade, Belmont antimony, decreases the resistivity 
still further. Qualitative spectrochemical analysis 
of this antimony showed that it contained lead in 
the order of 0.1-1.0 pct, together with minor 
amounts of silver, copper and nickel 

Table IV also shows the effect of adding 1 at. pet 
of various elements to Sb.Se, made from Belmont 
antimony. Mg and Cu were found to produce a 
large increase in the resistivity, Bi and As a small 
decrease, While S, Te, Pb and Sn had no marked 
effect. All additions decreased the thermoelectric 
power. The addition of Pb and Sn even ¢ hanged the 
method of conduction, the negative thermoelectric 
power of SS 28 and SS 27 indicating that the cur- 
rent in these alloys is carried by free ¢ lectrons in- 
stead of by positive holes as in pure Sb.Se 

Use of Sb Se. as a Thermistor: None of the an- 
timony-selenium alloy including those containing 
small amounts of third elements, is suitable for use 
in thermoelectric generators, since those alloys 
which have sufficiently high thermoelectric powet 
unavoidably have a resistivity which is much too 
large for efficient production of power by the 
thermoelectric effect 

However, the properties of Sb.Se, indicate that it 
mav have useful applications as a thermistor mate- 
rial. Thermistors are thermally sensitive resistor 
made of semiconductors whose resistance changes 
rapidly with the temperature. Widely used today 
as circuit elements, particularly in the communica- 
tions field, and for other special purposes, they have 
been fully discussed in a survey article by Becker, 
Green and Pearson 

Research on 
general, those which have a large resistivity also 

For example, if the value 


emiconductors has shown that, 


have a large value of JW 
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n fig. 5, it will be 


found that the great majority of the plotted points 


wr Christenset 


le in a band enclosed by 


the two parallel lines 


that the best mate- 


remarks 
rials for use as thermisto will have a combination 
of properties which lie near the lower line of fig. 5 
in othe word the re tivity should be as low as 
Do le consistent with a high temperature co- 
efficient. (The temperature coefficient of resistance 
proportional to SW.) When the values of re- 

tivity and AW for annealed Sb Se, (alloy SS 8) 
were plotted on fig. 5, the point for this alloy was 
located near the lower line ndicating that it might 
make a good thermistor material 

One requirement of a thermistor that it should 

Table IV. Effect of Impurities on Sb Se 
Ad al hi 
4 ‘ 
Table V. Energy Gap Values for Sb Se 
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These data show that both the resistivity and \W 
are variable over a wide range and that the plotted 
points lhe near the lower line of fig. 5 except for 
very low or very high resistivities. The point repre- 
senting Pelabon’s’ data of 1911 is not considered 
very reliable since it is based on resistivity measure- 
ments made at only three different temperatures 

Since many of the most important uses of therm- 
istors depend on the voltage-current curve having 
a region of negative slope, it was decided to deter- 
mine whether or not the same characteristic type 
of curve could be obtained with Sb.Se,. Alloy SS 32 
was used, containing Belmont antimony and | at 
pet arsenic, and a small bead thermistor made of 
this alloy gave the voltage-current curve shown in 
fig. 6. This resembles very closely similar curves 
obtained with commercially used thermistors and 
has the characteristic region of negative slope, 
where an increase in current ts accompanied by a 
decrease in the voltage drop across the thermistor 
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Effect of Solute Elements on the 


Tensile Deformation of Copper 


by Rolland Sydney French 


and atomic percent solute. 


True stress-true strain data for copper and 
copper alpha solid solution alloys indicate that 
the strain hardening coefficient, M, is a func- 
tion of the yield strength but independent of and 
the solute element added. Approximately linear 
relationships were found between yield strength 


Walter R. Hibbard, Jr. 


OR tensile deformation, if the stress value is 

defined by the ratio of the load to the actual 
area, and the strain value by the natural logarithm 
of the ratio of the immediate length to the original 
gauge length of the sample, the resulting data when 
with logarithmic coordinates result in a 
linear relation extending from the initial plastic 
vielding through the maximum load and in some 
cases, such as for copper and brass, to fracture 
The normal form of the curve, therefore, is a para- 
bola, satisfying the following equation: 


S — Ke [1] 


plotted 


where S and e represent true stress and strain, K is 
a constant, and m is a coefficient evaluating the 
slope of the curve and designated therefore as the 
strain hardening coefficient Hollomon has _ re- 
ported that this coefficient is a function of the yield 
strength as effected by grain size in alpha brass, 
and the carbon content and heat treatment of steel 
In the case of steel, the value of the proportionality 
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a function of the carbon content. It was 
and also by Low and 
relation between stress 


constant Is 
further shown in that pape! 
Prater’ that, if the power! 
and strain remains valid, the strain hardening co- 
efficient m, is equal to the strain at the maximum 
or necking load. Thus, an added significant feature 
is that this coefficient may serve as an index of the 
capacity for deformation prior to localized necking 
and subsequent fracture, e.g. drawability. The con- 
stant K may be defined as the strength of the mate- 
rial at unit strain. Together the K constant and the 
m coefficient describe an alloy’s physical properties 
as far as strength and ductility are concerned for a 
particular yield strength and, in the case of steel, a 
particular carbon content 

The work of Lacy and Gensamet 
alloy ferrites from which very close estimates of the 
strength of ternary and higher iron alloys have been 
investigation to 


gives data on 


made. It was the purpose of thi 


develop similar data for commercial copper base 


alpha solid solution alloys 


Preparation of Specimens 


Commercial binary alloys of copper with alumi- 
nickel, silicon, tin and 
addition, laboratory 
ilicon alloy and a 2 
these particular 
were used 


num, beryllium, cadmium 
zinc were investigated In 
were made of a 1 pet 


to complete 


castings 
pet aluminum alloy 
erie Two types of copper 
free OFHC and tough pitch FC The 
these allovs are shown in table I 
Standard ASTM 
used to determine the 


oxyeen 
analyses of 
sheet tensile specimens were 
isual physical properties of 
data at strains from 


x tk.) 


each alloy and to obtain stre 


0.0005 to 0.01. Small (44 in. x 3 In amples 
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were used to obtain stress data at strains from 0.01 
to near the ultimate load. After machining, the 
specimens were annealed under conditions indicated 
by preliminary tests to produce an 0.090 mm av- 
erage diam grain size. The copper-cadmium alloy 
was packed in charcoal to avoid scale build-up 
during the air anneal. The copper-beryllium alloy 
was quenched into iced brine to preserve the alpha 
phase. Samples were cleaned in a 10 pet sulphuric 
acid pickle solution, washed and dried. It was not 
possible to obtain a uniform grain structure, particu- 
larly for the coppers and the aluminum and silicon 
alloys, where variations from 0.070 to 0.150 mm 
were found. An attempt was made, therefore, to 
keep the largest percentage of the grain size near 
0.090 mm and the remainder larger, where only a 
small effect on the strain hardening coefficient m 
would be expected, based on Hollomon’s data’ for 
alpha brass 


Method of Test 


All of the physical testing was done with load 
ranges having a calibrated accuracy of better than 1 
pet. An autographic record of the load-elongation 
data through a strain range of 0-0.01 was made 
using a mucrotormer strain gauge and recorder 
The accuracy of the extensometer was better than 
's pet of the recorded strain over the maximum 
calibrated range of 0.02 in. The strain rate used 
was approximately 10° per sec, the load being 
varied as necessary. 

As a true strain of 0.01 is equal to an extension 
of 0.0101 ipi, in the range of the smail strains de- 
sired, the unit extensions from the graphs were 
satisfactory. To obtain the actual area of the sam- 
ple at a given strain in order to find the true stress, 
the original area of the sample was divided by the 
unit extension since 


Avl 


where A, is the original area; A is the area at the 
specified strain; 1, is the original gauge length of 
1 in.; and 1 is the final length which in these tests 
was equal to the unit extension. Thus, knowing 
the recorded load at the strain value and the true 
area, the true stress could be calculated. In this 
manner, the stresses at strains through e 0.01 
were obtained 

Rectangular specimens cut from strip stock were 
used in determining stress strain relations above 
this value because round stock was not available 
The effective strain under the conditions of aniso- 
tropic plastic flow in rectangular specimens was 
shown by Fisher to be given by the following 


equation 


‘ 2/9 [(e,-e.)° + (e.-e,)* + (e-e,)°] [2] 


where e,, e. and e, are the natural strains of the 3 


principal coordinates. From the tensile data, load 
values were estimated for the small samples which 
were then loaded in tension to the desired value 
and released. The thickness and width of the speci- 
mens were measured by a micrometer and the gauge 
length by a microscope with a Filar eyepiece. True 
stress was determined from the ratio of the test 
load to the final area. True strain was computed by 
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the Fisher formula from the three principal natural 
strains 


Results 


The true stress-strain data for the alloys studied, 
when plotted on logarithmic coordinate paper, 
formed linear curves as shown in fig. 1. As noted 
in Hollomon’s study of the properties of alpha brass ‘ 
these curves also contain two regions of plastic flow 
The first, accompanied by a low degree of strain 
hardening, is found in the vield strength region 
from very low strain values to a strain value of 
about 0.01. The second exists thereon through the 
localized or necking strain and exhibits a much 
more rapid rate of strain hardening. The strain 
hardening coefficient, m, the K value and a yield 
strength value at a strain of 0.01 were determined 
graphically on 5 in. cycle paper 

While a difference exists between the vield 
strength of the two coppers, their respective data 
form a single line above a strain of 0.01 as reported 
by Jackson, et al.," for these metals. It will be noted 
that the strain hardening coefficient seems to de- 
crease in value with increasing solute concentration. 
and the curves tend to approach one another 

As described previously, the strain hardening co- 
efficient defines by its own value the maximum uni- 
form strain that can be endured before localized 
necking of the sample starts. Thus, the true stress 
at the ultimate load, S., can be found at this strain 


Table I. Chemical Composition of Alloys 


Pa Solote Pot Weight 


Alloy Wenmhe Copper Other Elements 


Table IL. Relative Solute Effectiveness 


DPH per Atom pet 


Solute A. pw Zing i Jim 
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value and the normal tensile strength calculated In the last two groups, nickel and zine have the 
Such calculations were made for these alloys and, least effect on the strength of copper, in that orde: 


without a correction for the effective strain. the In general, zinc has been found to have a greater 
calculated tensile strengths were within 12.7 pct of strengthening effect than nickel, and this is un- 
the experimentally obtained values from the ASTM doubtedly true for the usual commercial fine grain 
i“ type tensile specimens sizes. For an average grain size of 0.090 mm in 


these samples, their positions have been reversed. 


{ Discussion of Results It is interesting to note that, if the amount of 
A'S MacGregor’ was one of the first investigators to solute element necessary to reduce the tensile duc- 
hy point out the possibilities to be derived from true tility of copper by 10 pet from a necking strain 
ie) tress-strain data when studying deformational value of m 0.575 to m 0.518 is obtained from 
characteristics of a metal during cold work, and sug- fig. 2, and then the corresponding percent increase 
gested that the maximum strain prior to necking in the true strength of these alloys over copper 
was a valuable criterion for such a study. Fig. 2 is interpolated from fig. 3, the following approxi- 
1 hows this value, m, plotted as a function of solute mate increases over the strength of copper are 
found 
> Pet 
Tin and Zine 3 1/3 
Nickel 6 2/3 
" +--+ - Beryllium 12 1/2 
Silicon 20 
| Aluminum 35 3/4 
The K constant of Eq 1 might well be defined as 
: i. =" " ae the modulus of plasticity since it is equal to a ratio 
of stress to strain. When the K values are plotted 
z y as a function of the atomic solute concentration, as 
. | were the necking stress’ values in fig. 3, practically 
identical groupings of curves result except that the 
(1000 
Fig. 4—Effect of Yield Strength S 6 
; on the Strain Hardening Exponent (M) . fi é 
Independent of Solute Element. 
Fig. 5—Effect of Solute Concentration ¢ / 
on the Yield Strength (S__.). 
20 
ATOMIC PERCENT SOLUTE 
4 neentration for each of the alloys and these curves stress ordinate is magnified 1's times and the stress 
% appear to indicate the loss in ductility experienced origin ts found at 83,000 psi, the K value for coppe: 
8 when these solute elements are alloyed with copper When the true stress-strain data of a prestrained 
os rhe effect is a nonlinear one for these elements with sample is compared with values of a similar sample 
; idmium, tin and beryllium having the greatest in the soft condition, its curve lies above that of 
ai effect, and aluminum and zine the least, Jor a given the soft specimen and is found to have a seemingly 
fe: ite concentration The maximum effect ap- lower strain hardening coefficient. By utilizing this 
parentiv occurs with small solute additions before concept, attempts were made to account for solute 
the limit of solubility in copper is approached strengthening as a tensile prestrain in the copper 
rhermodynamicall both tin and beryllium are lattice. While it is simple enough to determine the 
ipersaturated solid solutions, and cadmium nearly prestrain of copper necessary to produce an m co- 
o efficient corresponding to one of its alloys, the 
rhe true stre it the necking strain, S., plotted latter's K value is always higher by a considerable 
as a function of solute concentration is shown in amount than the K value of the prestrained coppe1 
In this analysis a linear relation does seem Thus, it appears that if there is a strain-strength- 
to exist and the alloys are grouped into four gen- ening effect in the copper lattice due to alloying, it 
eral classification On an atomic percent basis of is not uniquely defined by tensile deformation 
added solute element, cadmium has the largest It has been pointed out by Hollomon’ that for steel 
effect and would probably lead to some rather in- samples of equal yield strength and carbon content 
terestit ill vere it not so limited solubilityv- the strain hardening coefficient is constant. It was 


W I Se Thi element 1 followed by aluminum, also reported in the same paper that for cartridge 


beryllium, silicon and tin to form a second grou; brass of various grain sizes and yield strengths a 
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similar situation existed. If the true strength value 
at a strain of 0.01 is selected 3; the yield strength 
(S....), then the following ec ation describes the 
relationship with the strain har .ening coefficient, m 


m C/(S.-01) [3] 


where C is a constant characteristic of the base ma- 
teria and n is an exponential constant independent 
of the composition 

The strain hardening coeffic.-rts of the alloys 
tested in this work were plotted %s a function of 
the yield strength as defined ab e, and the results 
are siown in fig. 4. While the «.* do not form a 
single line, they fall within a bi.d that satisfies 


DIAMOND PYRAMID MARONESS 


Fig. 6—Relation between Yield Strength 
(S...) and Diamond Pyramid Hardness. 


Fig. 7—Effect of Change in Lattice 
Parameter on the Change in Yield 
Strength (S....) 


as produced by the addition of the indicated solute 
elements to copper 


Eq 3. Graphical solutions of these data yield 
n 0.235 and C 4.50 0.25. The width of the 
band may be the result of variations in grain size 
However, the slope is considerably more shallow 
than Hollomon’s value of 0.5 for alpha brass. In 
general, nevertheless, the solute concentration of 
the various alloys in copper affects the strain 
hardening coefficient indirectly by changing the 
vield strength. Therefore, it becomes of interest to 
study the effect of alloying upon the yield strength 
ot copper 

Fig. 5 shows the yield strength, S,.,,, plotted as a 
function of the solute concentration. The relation 
appears to be linear. Tin, as perhaps might be ex- 
pected, has the greatest influence upon this prop- 
erty of copper, while cadmium and beryllium are 
next and, as in other studies, nickel and zinc the 
least. These data lead to the following equation 


AS XA 


where AS is the increase in yield strength above 


that of copper, X is the atomic solute composition, 
and A is a constant of the solute defining the in- 
crease in yield strength for one atomic percent of 
the solute. These A values are shown in table II in 
the first column, compared to the values reduced to 
zine 1 in the second, and compared in the last 
column to similar results of Brick, Martin and 
Angier obtained from DP hardness data. 

In fig. 6 the yield strengths of the alloys investi- 
gated have been plotted as a function of the hard- 
ness of the unstrained samples. The data, while a 
bit scattered, is linear of the following form: 


270(DPH) 4000 


Thus, a strengthening of 270 psi is approximately 
equivalent to a hardening of one DPH number. 
The increase in the vield strength for each atomic 
percent of solute addition is plotted against the 
corresponding lattice parameter change in fig. 7. 
An approximately linear relationship exists indi- 
cating that a change in lattice parameter of about 
0.1 pet increases the yield strength by about 900 psi. 
As may be expected, the effect on yield strength 
appears to be a more basic consideration than the 
hardness change plotted in fig. 8. This curve is sim- 
ilar to that of Brick, Martin and Angier’ except that 
nickel and zine are reversed and the hardness value 


x 


2 

a 
w 


S.oi CHANGE PER 


3 4 5 4 


LATTICE PARAMETER CHANGE PER ONE ATOM % x 105 


of tin is lower (e.g., the beryllium value will fit 
right on their curve). The noteworthy deviations 
from the linear curve are silicon where a small 
parameter change produces a marked DPH change 
and cadmium where a marked parameter change 
produces a very small DPH change 


Summary 


1. True stress-true strain data have been deter- 
mined for OFHC and FC copper and alloys of 
copper with the following solute additions 


Al, Be, Cd, Ni, Si, Sn, Zn 


When these data are plotted on logarithmic coordi- 
nates they form linear curves which satisfy a power 
equation. The constants of this equation, i.e. the 
K value, described as the modulus of plasticity, and 
the m value or strain hardening coefficient, have 
been determined graphically together with the true 
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and deformation, and quite likely to fracture. The 
vield strength, therefore, becomes the fundamental 
basis of comparison of the effect of solute elements 


trength at a strain value of 0.01, designated as the 


yield strength 


vielding found by Hollomon 


\omolous 


in brass through strains of about 0.01 with only a 9. The change in yield strength appears to be 
light contribution to the strength, was also found basically a function of the change in lattice para- 
in the two coppe and in all the copper alloys meter produced by the solute addition. The effect 
idied, and appears to be characteristic of the on yield strength appears to be more fundamental 
copper base alloy than the effect on hardness 
The effect of various solute elements upon the 10. Based on the relations developed from the 
necking or ultimate strength and the corresponding data in this paper, Eq 1 may be rewritten in terms 
train of these samples varies according to the solute of yield strength and solute concentration to de- 


esent but always to increase the ultimate strength scribe the approximate relation of true stress and 


a d to decrease the ability to withstand deformation true strain for the copper base alloys studied 
prior to neckir S (YS XA) (e/0.01) exp C/(YS XA) 

4. It was not possible to describe solute strength- where S and e are the true stress and strain: YS is 
ening in terms of a tensile prestrain of copper due the vield strength of copper at a strain of 0.01 
to alloying, for thts theory does not account for the (7200 psi); X is the atomic percent of the solute 


Fig. 8—Effect of Change 
in Lattice Parameter on 


the Change in Diamond 
Pyramid Hardness 

ws produced by the addition of 

he vlicated solute elements t« 
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found for the 1 is a constant characteristic of the solute: and C 
and n are independent constants describing strain 
» As had been pre ) found for steel and hardening in copper or copper base alloys, and equal 
‘ t i elation exists between the train to 4.50 0.25 and 0.235, respectively 
lenit ticrent nd the corresponding 
of these. elation Acknowledgment 
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A Preliminary Investigation of the 


by Henry H. Hausner 
and 


Herbert S. Kalish 


Zirconium-Beryllium System 


By Powder Metallurgy Methods 


The powder metallurgical approach was used to study the system Be-Zr since 


the metals beryllium and zirconium are particularly amenable to powder metal- 
lurgy methods and have received wide interest of late. Condition of the specimens 
after sintering, metallographic examination, and X ray diffraction studies revealed 
enough information to enable the authors to construct a preliminary phase diagram 
after only three weeks of experimental work. 


N recent years zirconium and beryllium have be- 

come of great interest because of their special 
properties. Zirconium is known for its remarkable 
ability to the oxygen, nitrogen and 
hydrogen, has extensive use as a getter in electron 
tubes and has indeed become the primary metal in 
the manufacture of photoflash bulbs. Beryllium is 
of interest because it is light metal such 
could supplement aluminum and magnesium in 
light metal applications 

The late development of zirconium ductile at 
room temperature produced by both the iodide and 
calcium reduction methods stimulated fre- 
quent articles on this metal in the recent literature 
Beryllium is akin to zirconium crystall- 
ographically that some investigators the 
opinion that beryllium should be ductile at room 
temperature if it were pure enough 

The crystallographic relationship of 
and zirconium, the interest created in Be-Z: 
where the zirconium is believed to function as a re- 
solid solution gas in beryllium thus 
increase the ductility of the beryllium alloy 
and the amenability of these metals to powder met- 
allurgy methods stimulated this approach t 
system 
showed that a zirconium com- 
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1936 Misch’ vaguely identified the com- 
pound ZrBe, and reported that it has a deformed 
cubic structure. Two patents,’ were issued to Mach- 
lett Laboratories in 1943 and in 1946 regarding the 
addition of small amounts of zirconium to beryllium 
in order to improve the ductility of beryllium so 
that it may better be used for X ray windows. In 
considering the alloy formation of beryllium with 
other metals Raynor’ thought it unlikely that zir- 
conium would have any solid solubility in beryllium 
From this indefinite information nothing could be 
ascertained about the possible use of Zr-Be alloys 
or the use of these metals intimately 

A brief preliminary study of the system Zr-Be 
by powder metallurgy methods was undertaken to 
provide regions for more intense studies of Zr-Be 
alloys and as a guide to a formal phase diagram 
determination. The investigation described in the 
following pages was completed in less than three 


alloys In 


The usefulness of this rapid method to facilitate 
phase diagram studies and new alloy investigations 
will be shown 

Materials and Procedure 

was produced from crystal bat 
supplied by Foote Mineral Co 
converted to hydride at 730°C, 
crushed, and the hy- 
dride decomposed in 
purified argon at 
850 C 60 pct of 
the powder passed 
through a 325 mesh 
screen, 40 pct of the 
powder was 140 
mesh, +325 mesh 
and the average par- 
ticle size of the total 
was 8 to 12 microns 

The beryllium pow- 
der 
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stock of high purity 
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Fig. 2—The Effect of Composition and Sintering 
Temperature on the Volume Change of Zr-Be 
Mixtures. 


Fig. 3 and 4—Sintered Zirconium-Beryllium Mixtures. 


Sintered in vacuum (0.15 at 1190°C for 2 hr. 250X 

netched Fig. 3 ta Top 
of sample. Fig. 4 (below > ions 
sample. Both micrographs stightly reduced in reproduction 


ceived from Brush Beryllium Co. It was all —200 
mesh, 17 micron average particle size, and is of the 
highest purity available 

The beryllium and zirconium were mixed in 
argon for 2 hr to produce the following composi- 
tions: 2, 5, 10, 20, 40, 60, 80, 90 and 95 pct Be. After 
mixing, the powders were stored in argon until 
ready for use. Pressing was done in air at 40 tsi to 
make compacts 0.803 in. in diam, 0.200 in. thick 

The compacts were packed in beryllia powder in 
a beryllia boat and sintered in vacuum at 950, 
1000, and 1100°C, for 2 hr and 1350°C for 4 hr. The 
vacuum reached 1.5 x 10° mm Hg or better at the 
sintering temperature in all runs. It took from 
3% to 5 hr to reach the desired temperature and 
about 20 hr to cool the specimens in the furnace 
to below 100°C 

Results of Sintering 

The appearance of the samples after sintering, 
the dimensional changes, and the densities at each 
temperature indicate the type of alloying which 
occurs in the Zr-Be system. From table I it can 
readily be seen that some slight melting occurs be- 
tween 2 and 10 pet Be at 950°C. At 1000°C the 2 
and 5 pet Be mixtures appeared completely molten 
It is likely, therefore, that the liquidus line at these 
compositions is slightly below 1000°C. It may be 
concluded, from even this cursory examination, that 


Pressed at 42 tsi. Sintered in vacuum (0.154 for 2 he 
Unetched. Fig. § ct 5 pet Be 

(below Bottom regions 
oduction 


Polarized light 
regions of sample Fig 
sample. Both micrographs slightly reduced in repr 
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a eutectic exists somewhere between 2 and 10 pct Be 
and that the melting point of the eutectic is some- 
what less than 950 C 

The slight amount of melting which occurs afte 
4 hr at 1350 C indicates that the 20 pct Be alloy is 
above the solidus at this temperature. The very 
friable product from sintering the 40 and 60 pct 
Be alloys at 1350°C implies that the melting point 
of these compositions is quite high. Melting oc- 
curred in the high beryllium alloys, i.e. 80 pct Be 
and higher, at 1350°C, but 1100 C appeared to be 
well below the melting point of these alloys. There 
is, then, no suggestion of eutectic melting of the 
beryllium rich alloys 

To substantiate these ideas the data of table I, 
viz. densities and volume change, have been plotted 
sintering 
approach 


as functions of composition at the four 
temperatures. Fig. 1 clearly shows the 
of the 2 and 5 pct alloys, particularly 2 pet Be, to 
the theoretical density even at 1000 C indicating 
the completeness of the degree of melting. Beyond 
this composition the mixtures demonstrate a greate! 
deviation from theoretical density 
much as 80 pet Be present when the density again 
approaches theoretical, but only at 1350°C. From 
20 to 60 pet Be the mixture 
than the as-pressed condition inferring growth on 


sintering, the 


until there is as 


have final densities less 


amount of growth increasing with 


Fig. 9 and 10—Sintered Zirconium-Beryllium Mixtures 


Pressed at 42 tu Sintered im va 1s 
Polarized ligh tig. ‘above Etched Fig 
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Sintered in vacuum (0.154) at 1125°C tor 2 hr. 


Pressed at 42 tsi 
Polarized light Unetched. Fig. 7 (above) 90 pet Zr 12 pet Be. Fig. 8 
below $2 pet Zr 20 pet Be. Slightly reduced in reproduction 


higher sintering temperature. This is clarified fur- 
ther in fig. 2 where the amount of growth and 
shrinkage can be readily observed 

The remarkable growth of the alloys in the vicin- 
ity of 40 to 60 pct Be indicates the formation of a 
high melting point phase probably accompanied by 
a considerable change in volume due to a large 
alteration of the crystal structure from that of the 
original components. Even at 1350 C 
of sintering have been observed If some of the 


no indications 
powder from the friable sintered compact is re- 
pressed and sintered at 1350°C it will result in a 
fairly well sintered alloy as shown in fig. | for the 
4° and 60 pet Be compositions 


Metallographic Examination 


The structure of the Zr-Be alloys is well revealed 
in the as-polished condition in polarized light. Fig 
a 2 pet 
to be a mixture of Z1 
and a second phase which will 


} shows the eutectic structure present in 
alloy. This eutectic appear 
rich solid solution 
be called 5 The a phase polarizes and 
ippearance. The Zr without Be in solid solution in 


is brown in 


ficient amounts does not polarize. This show 
ip frequently as dark areas in the center of the 
phase rail demonstrating that equilibrium had 
not been attained. The bottom regions of the speci- 
188 


Fig. 11 and 12—Sintered Zirconium-Beryllium 


Mixtures. 
Pressed at 40 ts Sintered in vacuum (2.154) at 950°C for 2 hr. 250X 
Polarized light. Unetched. Fig. 11 (above) -98 pet Zr 2 pet Be. Fig. 12 


below 95 pet Zr 5 pet Be Both micrographs slightly reduced in 
reproduction 


men, fig. 4, did not reveal as much lamellae as the 
top portions, fig. 3. Undoubtedly the specimen was 
well in the mushy state so that the less dense 
beryllium rich liquid ascended to the top of the 
sample bringing it closer to the eutectic composi- 
tion. At the bottom of the compact the molten 
phase solidified in between the solid grains of a 
phase and formed very little lamellar structure 
Actually the amount of y phase in the bottom por- 
tion of the specimen is only siightly less than the 
amount of this phase in the top regions as indicated 
by the white to grey appearance of the 4 
compared to the brown color of the a phase 

The 5 pet Be alloy had large amounts of eutectic 
present after sintering at 1100°C, fig. 5. Again the 
bottom regions of the sample, fig. 6, did not reveal 
the lamellar structure and the explanation is quite 


the same as given above for the 2 pct alloy. It is 


phase as 


diffeult to ascertain whether any proeutectic 
phase is present even in the 10 pct Be alloy, fig. 7, 
but from the degree of melting as observed in table 
I it appears reasonable to conclude that the eutec- 
tic composition is in the vicinity of 5 pet or perhaps 
less Be. The lack of lamellae in the 10 pet alloy 
can be attributed to the fact that this alloy melted 
only slightly 

Examination of the structure after sintering at 
950 C, fig. 11 to 14, reveals the presence of amounts 
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of y phase characteristic of the mixtures after sin- 
tering at 1100°C. No lamellae were present, how- 
ever, after sintering at the lower temperatures 

A friable expanded compact resulted from sin- 
tering the 20 pct Be mixture at 950, 1000, and 
1100°C. Thus the large number of voids present in 
fig. 8 and 14 makes the structure difficult to inter- 
pret. It would appear that the structure is a single 
phase affair composed entirely of y phase. After 
sintering for 4 hr at 1350°C, however, two phases 
can definitely be distinguished with some evidence 
of a third phase as shown in fig. 15. The matrix 
phase is the light polarizing one identified as y 
phase. The darker polarizing grains in the matrix 
are referred to as 6 phase. The third phase in ques- 
tion is that composed of the very small angular 
grains within the matrix. At times these grains 
have an excellent parallelogram configuration. It is 
likely that this is also 4 phase which crystallizes 
out of the y rich liquid. The polarizing character- 
istics and color of these crystallites is very similar 
te that of the 6 phase 

Sintering 40 and 60 pct Be mixtures at 1350°C 
resulted in a very friable compact which could not 
be examined metallographically. The powder pro- 
duced by heating these mixtures at 1100 C was 
pressed and sintered at 1350°C to produce a speci- 


Fig. 13 and 14—Sintered Zirconium-Beryllium 
Mixtures. 
Pressed at 42 tsi. Sintered in vacuum (0.15u) at 950°C for 2 hr. 250X 
Polarized light Unetched. Fig. 13 (abowe)-90 pet Zr-10 pet Be Fig 
14 (below) 82 pet Zr—-20 pet Be. Both micrographs slightly reduced in 
reproduction 
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af 
| men which had appreciable shrinkage on sintering 
and was not friable. Fig. 16 through 19 show the 
microstructure of these specimens. In fig. 16 a 
ingle phase polarizing structure is present which 
cannot definitely be distinguished from the 4 phase, 
but which appears to have stronger polarizing char- 
acteristic X ray evidence which will be presented 
later proves that this is indeed a single phase struc- 
ture different from the 6 phase and which will be 
called the « phase Notice the large number of 
ids and cracks shown in fig. 17 indicating that 
even at 1350 C the alloy was far below the melting 
point or a suitable temperature for sintering 
When 69 pct Be is present sintering is somewhat 
+ better, fi 19, but a large number of voids and 
; cracKs are still present. The phase present at this 
‘ composition is entirely new. It is nonpolarizing 
nd appears black under polarized light, fig. 18, ex- 
ence of cracks and voids This shall 
e. The large rectangular grain in 
ea fig 18 and 19 is unusual as to size 
é angular configuration of the grains 
icte tic of phase 
At 80 pet Be fi 20 i matrix of Be or Be-rich 
olid solution is produced which shall be referred 
to as # phase, containing the angular grains of 1 
phase This mat identical in appearance to 
} e Be It is composed of very large rain A 
#-# phase grain boundary is shown in fig. 20. The 
90 and 95 pct Be compositions are identical to the 
except that there are fewer grain 
content 
X Ray Diffraction Studies 
X ray analy of all the compositions studied re- 
vealed the esence of six different phases (at room 
Fig. 15—Sintered Zirconium-Beryllium Mixtures. 
Prewed at 42 tsi. Sintered vacuun Su) at 1380°C for 4 hr. 250X 
Polarized ligh Unetched. 82 pet Zr -20 pet Be. Slightly reduced in 
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a longer time at temperature was used and the 
higher temperature in conjunction with slow cool- 
ing should give a good approach to an equilibrium 
structure 

The «@ phase is merely Zr or Zr containing Be in 


solid solution. The @ phase is Be or Be-rich solid 
solution. These two phases are hexagonal close 
packed. Of the other four phases only one has been 


identified structurally. It is the » phase which is 
simple and may be an intermetallic com- 
pound or the product of a peritectic or monotectic 


cubic 


reaction 
No attempt 
composition or 


was made to determine the exact 

formation temperature of these 
phases because of the preliminary nature of this 
work. In addition where the crystal structure ap- 
peared to be complex it was not ascertained 

To better show the location of the various phases 
a hypothetical phase diagram, fig. 24, was made on 
the basis of condition of specimens after sintering, 
microstructure, and X ray data. No point on this 
diagram is meant to be definite except within very 
broad limits 

The ‘tic the Zr-rich end of the 
diagram is _,uite apparent from the low temperature 
melting and appearance of the microstructure in 
this range. The reactions for formation of the y, 5 
«. and » uncertain, but their location 


eut reaction at 


phases are 


Fig. 16 and 17—Sintered Zirconium-Beryllium 
Mixtures. 


sacuum 
62 pet Zr—40 pet Be. Br 
ghtls 


Same 


ght 
reduced in repro 
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eral compositions which had been sintered at 50 
Where X ray data are available at both sintering Fig. 
temperatures the higher the most significant since ia, - sion. 
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Fig. 18 and 19—Sintered Zirconium-Beryllium 


duced in reproduction 


with regard to composition has been approximately 
determined from X ray study and microstructure 
It appears certain from the microstructures and de- 
crease in melting point with increasing Be content 
from 60 to 100 pct that no important eutectic re- 
action occurs at the Be-rich end of the phase dia- 
gram. Probably a eutectic or peritectic occurs very 
close to 100 pet beryllium, but this cannot be de- 
cided until an exact determination of the invariant 
line between the » + L and » @ fields is made 
Tentatively the invariant line is placed slightly be- 
low the melting point of Be and a eutectic is in- 
dicated in fig. 24. 

Similarly there is no proof for the peritectic re- 
action 8 + L — a, but only this or a eutectic reac- 
tion could occur to accompany the a to 8 transfor- 
mation in zirconium. It seems more logical to as- 
sume tentatively a peritectic reaction since it would 
tend to indicate a larger a solid solution field. The 
existence of a rather extensive solid solubility is 
inferred by the quite obvious alteration in amount 
of Be from the outside to the center of « grains in 
fig. 3 and 4 

The y phase can be very nicely located to coincide 
with the ZrBe, intermetallic compound reported by 
Misch’. More X ray data are needed to substantiate 
this premise, howeve1 


Conclusions 


From preliminary study of the Zr-Be system 
there are indications that some interesting alloys 
can be developed. The system contains a relative- 
ly low melting point eutectic and several high melt- 
ing point phases. The influence of small amounts 
of zirconium in beryllium could be most important 
in the powder metallurgy of beryllium rich alloys 
since the zirconium would increase the melting 
point while the solidus line remained at approx- 
imately 1280°C. Fur- 
thermore pres- 
ence of » phase might 
influence the ductility 
of beryllium rich 
alloys 


Table Il. X Ray Analysis of Zirconium-Beryllium Mixtures Sintered for 2 hours at As yet virtually 
1100°C and 4 hours at 1350°C in Vacuum (0.15.) nothing is known 


about the properties 
0 of these alloys. Their 
ree physical and, mechan- 
Pattern Unknown ical properties should 
be determined To 
precede or coincide 
with this a more in- 
tensive study of the 
Zr-Be phase dia- 
gram is indicated so 
that proper fabrica- 
tion methods can be 
ascertained 
It has been shown 
that provisional 
phase diagram, use- 
ful in the study of 
new alloy” systems 
can be determined 
rapidly by powder 
metallurgy methods 
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Fundamental and Practical Factors in 


Ammonia Leaching of Nickel and Cobalt Ores 
by M. H. Caron 


As indicated in the title, this article gives brief statements of investigations of 
various fundamental and practical factors of the ammonia leaching process for 


nickel and cobalt ores. 


The process was in large scale operation at Nicaro, Cuba, as an emergency 


measure in World War II. 


Descriptions of this plant and its operation have been published but these 
descriptions mainly covered installation and working scale results, and the present 
article gives a considerable amount of hitherto unpublished data on various phases 
of the method, including conditions for ore reduction, leaching, distillation, etc. 

Possibilities as to further development and results of tests on ores other than 


the Cuban laterites are also included. 


ASIC U.S. Patent 1,487,145 on ammonia leach- 

ing of nickel ores was issued to the author on 
March 18, 1924 Equivalent patents in other 
countries were obtained late: 

The Dutch Syndicate Brikcarbo became interested 
in the process in 1935: and a couple of years later 
the late Dr. H. Foster Bain sent samples of Surigao 
laterite iron ore to Delft and witnessed tests made 
there on this material for the Philippines Common- 
wealth. As a result, the author was asked in April 
1940 by Dr. Bain to go to the Philippines to erect 
and take charge of a pilot plant for the process The 
World War prevented carrying out this proposal 
The Dorr Co. also became interested in the process 
at about the same period 

The investigations by the Freeport Sulphur Co 
on the process as applied to the Cuban nickeliferous 
laterites, which resulted in the Nicaro enterprise, 
and the results of this operation have been well 
described elsewhere This Nicaro plant 
was in operation for almost two years, and during 
this period produced about 10 pet of the world 
nickel production from laterites containing 1.35 pct 
nickel. This plant and it were wal 
measures and, in view of this, activities were sus- 
pended in April 1947 

The results obtained fully demonstrated the tech- 
nical feasibility of the process and it 


operation 


economical 
aspects on a commercial scale In this respect, it 
should be understood that it is probable that im- 
provements may be made by further development 
and that there are possibilities for advantageous 
application of the process to garnierite and similar 
ores with higher values in nickel than the laterite 
iron ores at Nicaro 

While the articles cited above have given a cer- 
tain amount of information, no general article con- 
taining all the important process data has been pub- 


M. H. CARON. Member AIME Peatessor of Metal 
lurgy., Delft Univ Delft. Holland: and Metallurgical 
Adviser, Billito 

AIME New g Feb. 1950 
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Transactions AIME before Apr. 1, 1950, and 


received Sept 


lished Since the process ts of more than local 
interest, a fuller knowledge of the fundamental and 
practical factors of the method may be welcome to 
those interested in this new field of metals tech- 
nology. The author, accordingly, takes pleasure in 
submitting this article to the AIME as it represents 
in a condensed form the results of many vears of 
The brief outlines of the fundamental and 
observed 


research 
other factors and the 
phenomena are presented with as little discussion 
of details as possible, consistent with clarity. It is 
a special satisfaction to the author to make some 
contribution of his own in return for the benefits of 


explanation § of 


the many valuable publications issued by the In- 
stitute during his thirty years of membership 

Ores Adapted for Ammonia Leaching: All nicke! 
and cobalt ores which originate from weathering of 
peridotites or similar basic rocks having sufficient 
values are suitable for treatment by the ammonia 
leaching process after a preliminary reduction under 
proper conditions 

The formation of these deposits was probably as 
follows 

In the course of time the basic rocks were attacked 
MgO and SiO, were grad- 
nickel minerals 


by atmospheric agencie 
ually leached out, and secondary 
formed, such as garnierite, a hydrated silicate of 
nickel and magnesia. These secondary products are, 
however, not stable. They decompose in a further 
stage of weathering and ultimately only a rela- 
tively oxides remains, 
known as laterite iron ore with a small nickel con- 
tent and very little cobalt. Under these mantles of 
laterite, richer nickel values may be found, usually 
indicated by the occurrence of garnierite. The more 
the ore is disintegrated by nature, the higher the 
iron content and the better the nickel extractions 
that may be expected therefrom 


small residue of insoluble 


extractions that may be expected 
assuming treatment of 


Table I shows 
from different types of ores 
-200 mesh products and that all precautions have 
been taken for obtaining maximum extractions 

As for the distribution of the various nickel min- 
compounds that may be present 
from locality to locality as 


erals and great 
variations May occu! 


well as vertically in a deposit. From such “run of 
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mine” ore, normally quite disintegrated, nickel ex- 
tractior well over 90 pet may be expected with 
proper treatment 


Table I. Extractions from Ores 


Type of Ore Nickel Extraction, Pct 


Physical Nature and Chemical Composition of the 
Ore: It has 


and chemical 


been pointed out above that the grade 
composition of the ore as found in 
garnierite deposits may show great variations 

Garnierite itself may be (1) of a high s 
tvpe, (2) of the normal type, or (3) It may h 
hich magnesia content Analyses of these different 
type are hown as follow 


GARNIERITE TYPES 


High « a, Pot Norma High magnesia 


The following screen analyses were made from a 


ample of selected garnierite ore from Celebe 


Mesh sl weigh he Me 
58 

The above indicates that the finest products show 
the I hest or ind lowest magnesia content, and 
hence represent the most advanced state of weather- 
n 

In addition t ore that mav be selected from 
tne reer lowe ice brown-colored ores 
not adapted to selection may be abundantly present 
rhev are wher disinte ited and are made up of 
1 mixture of soft lum) nd earthy material. The 
, is nature f the imi results in light weight 
ind ‘ I ! cation of mediun nicke ] 

H ! cle ‘ ttle decomposed, valuel 

nT i i ‘ ent he Vt ‘ DV 
oct these t ‘ mat ta 

e cont rY el pet nicke 

The 60 esn t had i ippearance 
\ settlir test 10 ithe licated that it 
behaved om ettiy ite il ettiu at a ile 
floer } 

In cont t. the Tht oduct ound in a tio 
1:25 in a pebble took considerably more 
the fine j re the compre 7 
t nt na the t cake rt ed m tl product 
na wtior t t le than 46 pet ture 
It ne 1 be t ed vet I ch ore 
vould re e ve rge te ure pe init of 

‘ The po car ibsort muct 16 
pet moisture nd afte lit i become col 
loidal ir eure Th > mn esh fraction 
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of the ore could take up 44 pct moisture and the 

20 mesh 60 mesh fraction 47 pct. It is often 
assumed that the average moisture content of the 
ore will be about 25 pct, but it must be remembered 
that laterite holds more moisture during the rainy 
season. Even though overburdens of laterites are 


normally not considered as nickel ore, their value 


Table Screen Analysis 


ot 
weight of N Fe Insoluble 
Mesh total sample Pet Pet Pct 


may sometimes warrant mining together with the 
more valuable ores underneath. Sometimes laterites 
may hold as much as 0.2 pet Co, and, since the co- 


balt may be extracted simultaneously the value of 


the clays may be increased greatly Laterite may 
be represented by the following analysis MgO 


1.09 pet, SiO. 17.28 pet, Fe 38.92 pct, Ni 1.15 pet, 
Co 0.2 pet 

The transition zone underlving laterites is usually 
lighter in color, disintegrated, and more or less 
earthy in character and shows often small frag- 
ments of garnierite 

The chemical composition is characterized by a 
considerable increase of magnesia and lica, and a 
material decrease of iron oxide The following 
analysis represents this type of ore taken from the 
transition zone 


MgO 11.67 pet, SiO. 35.12 pet Fe 21.8 pet. Ni 1.91 


pet, Co 0.02 pet 


If conditions favor mining such overburdens sep- 
arately from the more valuable underlying ore, it 
hould be borne in mind that the oft earthy ore ot 
the top lavers does not juire the same treatment 
prior to reduction. The former may be educed 
immediately while the more valuable garnierite ore 
hould be finely ound preceding reduction. Later- 
ite mav hold | imps of \ aluele chalcedony, but 
such lump should be rejected by screening ey 


Medium Grade Common Nickel Ores: This’ grade 


of ore is usually characterized by its brown color 
ind the practicall complete absence of true gar- 
nierite. The cobalt content is low robably some- 
where between 0.05 to 0.1 pet. and ore pres- 
ent in the deposits consist la elv of light weight 
oro lun that « easily and are in a 
transttior tage of disinte ation The silica con- 
tent ather high. the iron content medium, and 
the ht weight of the lumps may serve as an indi- 
ition of medtur nickel content 
The follown esults may be en as an example 
ot ich ore 
ANALYSIS 
i Pa 
188 
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The products of increased weathering and disin- 
tegration correspond with higher iron content as 
well as with higher nickel content 

The fractions of the above sample were dry 
ground and were first reduced at 900°C, agitated 
for 3 hr at room temperature and thereafter the 
temperature was raised to 60°C and agitation con- 
tinued for 1 hr in the ratio 1:8. Strength of leach 
liquor used was 7 pct NH,, 5.1 pet CO.. No additions 
were made to the ore 


The tractions 
were dry 
ground to the 


tollowing size Pot Niv-extraction 


After the addition of about 1 pet of pyrite to the 
ore and wet milling to —-200 mesh product, extrac- 
tions between 91 and 94 pct were obtained on all 
the fractions. For commercial operation this type 
of ore should be properly ground previous to reduc- 
tion, and a small amount of pyrite should be added 
The beneficial effect of pyrite addition is most pro- 
nounced in the case of true garnierite ore, that Is 
for hydrated nickel silicates. The more the weather- 
ing and disintegration have advanced, the higher the 
iron content of the ore will be. A greater part of 
the nickel becomes less bound to its compound 
with increased iron content, and the total effect is 
that extraction of the reduced ore improves. It is 
therefore obvious that the beneficial effect of addi- 
tion of pyrite decreases with increase in iron con- 
tent. This is the reason that after due comminu- 
tion the final results of all the fractions showed 


little variations in extraction 


Special Manganese Dioxide Containing Ore: A|- 
though this type of ore, occurring in Celebes, may 
have no commercial significance, it may be of gen- 
eral interest to have an idea of its feasibility for 
ammonia leaching 

The ore is characterized by its high manganese 
dioxide content, its moderate nickel content and its 
rather varying though hmited Co-content. Cobalt 
content may run between 0.2 and 0.5 pct, and is 
seldom higher. Nickel content may be as high as 
4 to 5 pet, but is normally lower. The following 
sample served for the investigation: MnO, 26 pct, 
insoluble about 3 pet, Ni 2.95 pct, Co 0.24 pet, re- 
mainder limonite 

This true oxide ore requires a reduction tempera- 
ture of 800 C for maximum extraction. Manganese 
dioxide is converted to monoxide, and a Ni-Co-Fe 
alloy probably containing a small content of man- 
ganese is formed. Four percent high volatile coal 


was added to the ore, which was ground to a 100 
mesh product, 34 pct remaining on 200 mesh. With 
fresh liquor containing 7 pet NH, and 5.1 pet CO 
the reduced ore was leached at room temperature 
in the ratio 1:5 

Manganese monoxide is slightly soluble in leach 


liquor. The bulk is quickly converted into insoluble 


basic-manganese-carbonate. In this way a certain 


amount of CO. is withdrawn from the leachliquor 
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The manganese is, however, readily precipitated 
from the liquor by oxidation as black MnO,aq and 
at the end of agitation the solution is almost free 
from this impurity. In fact the iron content of the 
solution is comparatively higher than the manga- 
nese content 

The rate of settling of this tailing at 20 C in the 
ratio 1:5 was 15 mm per hr and at a temperature of 
65 C, 35 mm per hr. Increase of temperature of the 
tailing has a beneficial effect upon the settling rate, 
as was observed for all the types of ore discussed. 

With the addition of 1 pet sodium chloride as 
solution to the ore, reduction temperature should be 
lowered from 800° to 725 C. From both nickel and 


Reduced at 800°C, Reduced at 725°C, Reduced at 725°C, 
no addition 1 Pet NaCl no addition 
to ore added to to ore 


ore 


Ni 


extr. Co enter Niextr. Coexte 


cobalt high extractions may be obtained. Extrac- 
tion time may no doubt be shortened by a finer 
grinding 


Asbolan: This type of mineral may be found in 
red lateritic iron ores as concretions of various sizes 
and as a more earthy product. The mineral has a 
high manganese dioxide content, and cobalt and 


2.1032 


Per cent 


Course of distillation —> 


Fig. 1—Change of SO, Content of Liquor and Precip- 
itate during the Course of Distillation. 


nickel are both present as oxides. Cobalt is usually 
in excess of nickel 

After being ground sufficiently fine, the ore 
should be reduced at a temperature of about 800°C 
for maximum extraction. The reduced ore has little 
tendency to become pyrophoric after being cooled 
to room-temperature and exposed to the air, as was 
also observed for the manganese dioxide ore from 
Celebes. The sample of asbolan was ground to a 
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140 mesh product prior to reduction. In the re- After such a heat treatment without simultaneous 
duced state it was agitated with fresh leach liquor reduction, experiments showed that most of the 


at room temperature for 8 hr in a ratio 1:20 nickel reached a state that could not be further re- 
Analvsis of the ore: Ni 3.85 pct, Co 8.80 pet duced even in a current of hydrogen gas at 950°C, 

Strength of leach liquor NH, 7 pet, CO, 5.1 pet as illustrated by the results listed below 
Another asbolan sample with somewhat lowe! Two 140 mesh garnierite samples were both 
values was agitated in the reduced state in a ratio subjected to the following treatments: 1. Samples 
1:5 with fresh leach liquor containing 7 pet NH were gradually heated right from the start in a 
and 5.1 pet CO hydrogen current up to 950 C. 2. They were first 
he metal of the liquor after agitation wa gradually heated in a CO. current up to 950 C 


0.80 pet Ni 25 pet cobalt prior to reduction At 950 C a hydrogen current 
Pregnant liquol ot ich metal values may be was passed over the ore for some time 

»btained by treating high grade ores under counter- Both samples were cooled in a hydrogen current 

( ent leaching conditions. It should be realized to room temperature (20 C) 


RESULTS 


Reduced at 82004 Reduced at 722% 
bes 1 Pet Nal addition 


ulded to ore uided to ore 


that the metal value indicated above are fairly Extractions obtained by using strong leach liquors 
high and the liquor may be considered as a preg- 

13 Nickel ration he irs composite 
nant liquor that should be distilled. In such a Case 


; tons of pregnant liquor would be distilled for 


Con Cor Mac Ni 

each ton of high grade asbolan ore treated Semple Mineral Beion(! ditioni2 me pct 
Other Types of Oxide Ores: It is hardly necessary 

to sav that the ammonia leaching process may also r ‘ , 5 


prove feasible for other types of oxide ores, e.g 


the cobalt-containing magnetites, as found in Corn- 


The detrimental effect of preheating the samples 


wall. Pa.. or the more complex manganese dioxide 
without simultaneous reduction is evident from the 


f the Gibellini type containing nickel, cobalt 


per ne. molybdenum and vanadium. The first above figures. Among the hydrated nickel silicates 
three metals of the complex ore may probably be a mineral that is almost free from magnesia Nas 
extracted multaneous!ls As yet no tests have been found in Saxony known as “Rothisiet”. It was 
been made on these ores by the author, but it i of interest to learn how this mineral would behave 

kely that results will indicate the feasibility of under similar conditions 
mmonia leaching A 140 mesh pure “Rothisiet” sample was there- 
I ! we brief statements of various funda- fore reduced under conditions (1) and (2), with the 


the first following result 


Reducibility of Hydrated Silicates of Nickel and 


Metal oxides if combined with silica a 


Magne 


Ing his result differs entirely from the previous re- 


ire read educed, although not quite as easily its. which were obtained with normal garnierite 

is the free le of mick rhe tirst reduction to amples containing quite some magnesia In the 

metal take ce at a temperature of about 450°C almost magnesia-free “Rothisiet” sample, obviously 
nd the eduction W proceed aduallv with nickel oxide was combined only with silica 

e of temperature As nickel oxide is a very weak base, It Is no doubt 

lr ddit t bserved that effective reduc woselv bound to silica and will remain reducible in 

tion ¢ i ty comy ed with gas ery lean In this combination, even after being subsected to a 

nstituent The nicke xide in these preliminary heat treatment as indicated under (2) 


basic Magnesia ts pres- 


will become 


NiO will be- 
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come largely unreducible. The result is conse- 
quently a very low extraction of nickel 

In oruer to avoid formation of unreducible com- 
pounds of nickel, it is of importance to know to 
what temperature the ore may be heated without 
becoming sensitive to this detrimental effect. If 
garnierite has been preheated prior to reduction to 
650 C, only a slight decrease in extraction has been 
observed. At ) C the nickel-extraction decreases 
somewhat but further increase in temperature re- 
duces nickel-extraction even more. At the same 
time it was found experimentally that the solu- 
bility of magnesia in the leach lquor decreases 
rapidly above 750 C. Indications are therefore that 
both MgO and NiO rapidly become more tightly 
bound to silica with temperature increase. The fol- 
lowing results are indicative 


5 


ol 


Straight reduction Preheated prior to 
reduction in 


with rise of tem 
perature to 950°C Coe current 


to 650°C 750°C to 850°C to 950% 


These results were obtained from a 140 mesh 
garnierite sample (Ni 9.03 pet) reduced by a cur- 
hydrogen under conditions as indicated 
above. Extractions were obtained with lukewarm 
strong ammonia liquor. Obviously reduction of hy- 
drated silicates of nickel present as normal garni- 
should be started at low temperatures to 


rent ot 


erite, 


obtain high nickel-extraction 


Penetration Effect of Reducing Gases in Lumps of 
Garnierite: Experimental observations have shown 
that in a relatively short time large pieces of garni- 
erite may be reduced to the core, for they appear 
completely black on fracture; however, if such re- 
duced samples were ground thereafter to a 200 
mesh product, it was seen that the extractions fell 
short in comparison with samples of the same type 
of ore reduced in a finely divided state 

The great difference in extraction may be ex- 
plained by assuming that the reduction inside the 
ore pieces did not proceed fast enough to avoid 
formation of some unreducible nickel. The author 
is of the opinion that this is the actual cause. By 
very slow increase of temperature during the re- 
duction, the nickel-extraction may be improved 
from an economical point of view, the re- 


however 
duction of hydrated silicates should be effected in a 
tinely-divided state to get satisfactory nickel extrac- 
tions 

The Size of Reduced Ore Particles in Connection 
with Their Leachability: Microscopic examination of 
leached ore particles may show a dark core if the 
particles are not sufficiently fine. In such a case the 
leach liquor has failed to dissolve the nickel in the 
core 


silicates such as serpentine, chrysoprase and gar- 


respectively macro-, and micro- 
satisfactory ex- 


nierite, which are 
line, wil! show 
200 mesh product prior to 


rapidly with 


and cryptocrystal 

ground to a 
reduction. Nickel-extraction will drop 
“asing fineness of silicate ores simply 


traction if 


because 


the leach liquor has little 


the nickel in the cores of the particles undis- 


penetration power and 
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solved. The following results illustrate the effect 
of size of particles upon nickel extraction 


Fraction Ni-extraction, pet 
2-1 m per m particles 15 
1-0.5 m per m particles 30 
0.5-0.25 m per m particles 50 


A garnierite-chrysoprase mixture 15 pet Ni was 
screened and after reduction fraction was 
treated with strong leach lquor 

On the other hand it has been found that true 
oxide products which are the ultimat 
Variegated clays, for 


each 


result of 
weathering are very porous 
instance, need no grinding before 
high extractions can be obtained from such reduced 
ores without any comminution after reduction 
General Aspect of Gas Adsorption by Reduced 
Nickel Ores: The crystalline nature of some of the 
such as serpentine, garnierite and 


reduction, and 


nickel-minerals 
chrysoprase makes it evident that NiO is part of the 
crystal structure together with MgO, Si0, and H.O 

As all these compounds may vary within wide 
limits in these secondarily formed minerals, one can 
hardly expect that the position of NiO in the space 
lattice of the crystal will invariably be the same 
Different orientations will probably also affect re- 
ducibility 

Be that as it may, experimentally it has been 
observed that the reduction to metal starts at a 
temperature somewhere near 450 C for all hy- 
drated nickel silicates. In the early stage of reduc- 
tion the metallic particles probably are extremely 
small and, as they are enclosed in the space lattice 
of the crystal, their further growth will be ham- 
pered. With rise in temperature some migration and 
segregation will take place, with gradual increase 
in size of metallic particles 

There are, however, certain indications, that the 
particles remain in a state of high subdivision even 
at a temperature of 950°C 

An unusual phenomenon is that garnierite re- 
duced in a current of gas will hold at that tempera- 
ture quite an amount of adsorbed gas. It is this 
particular behavior of the hydrated silicates of 
nickel and magnesia after reduction that may affect 
the nickel-extraction unfavorably. Fortunately, as 
will be discussed later, a remedy may be found to 
secure satisfactory extractions for this class of ore 
as well 

The Amount of Gas Adsorbed by Reduced Nickel 
Ore in Connection with the Nickel-extraction: Thre 
samples of pure hydrated silicates were selected for 
investigation, two of the normal garnierite type and 
one almost free of magnesia (Rothisiet) 

Samples of 7.5 g of ore were reduced in a quartz 
tube and evacuated thereafter in the same tube 
This tube was connected to the evacuation apparatus 
The samples were first heated 


with ground joints 
to 950 C while a hydrogen current passed over the 
ore: thereafter they were cooled in hydrogen to 
20 C. At room temperature the tube was evacuated 


The temperature was then raised to 650 C and the 


tube again evacuated. Gases that were given off 
were collected in a calibrated buret for analysi 
The amount of adsorbed gase was estumated in 
this manner for all results discussed in this publica- 
tion. The results do not represent absolute figure 
of course since by increasing the temperature in 
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the tube to 800 C and evacuating the tube at that 


temperature omewhat more gas could have been 
collected compared with the amount evacuated at 
650 C However, general conclusions based on 
these results were not hereby affected 


To reach a _ definite conclusion regarding the 
effect of gas adsorption upon nickel extraction from 
the three different samples, the amount of adsorbed 
vases after reduction has been estimated in the 
manner described. Parallel samples reduced in ex- 
actly the same way, but not evacuated after reduc- 


tion, were leached with weak leach-liquors, since 
they are more sensitive than strong liquors to 
changes in the physical nature of the metal afte 
reduction. Enhanced effects upon extraction may be 


expected from weak leach liquors, and low tempera- 
tures of leach liquors increase the difference even 
more Because of this fact, most extractions were 
made at room ten perature 

The weak leach liquor used (denominated further 
WL) contained 1.29 pet NH, and 1.738 pet CO, and 
extractions were obtained by vigorous agitation for 
20 hr in contact with al 

In order to keep the dissolving power of the leach 


iquor nearly constant during the period of agita- 
tior i verv high ratio of liquid to solids was used 
for all sample To take care of small evaporation 
losses after extraction, glass bulb and content were 


brought to the original weight by adding fresh 
leach liquor. The extractions were calculated from 
the dissolved values in the clear leach lquor 

as Adsorption as a Result of Reduction and Ex- 
ons by W.L. at 20°C, from 140 mesh samples 


7.5 2, reduced at 950 C 


bvacuated 
° Ni ex 
( he at 650°C ated 
tract 
at n H with 
ru 
20°C and per 
evacu 
62 pe ke 
‘ Me io 


The low 1 nesia “Rothisiet” sample had a low 

; 1 tion and high nickel extraction, while 
the true i imples containing consider- 
il more n nesia showed high gas adsorption 

nd w nickel extraction This may indicate that 
i certain connection exist between low gas ad- 

ptior na | nickel extraction and vice versa 

d that the esence of magnesia is likely to favor 
n a t 

One ma © ct that after formation the tiny 
nickel particl e kept apart more effectively by 
the presence ! nesia in the crystal lattice than 

thout it n the plair lica erystal lattice the 

CKEL particle \A nave more treedom to migrate 
with ris temperature and hence will increase 
fuste ‘ na hemically adsorbed gases 
! re a Ch l rn be the ¢ xplanation for the 
‘ 


The Effect of Watervapor upon Hydrogen Adnerp- 
tion and ward Corre Ni-extraction: [f 


erite re ict nixture containing both 
watervapo nd hydrogen any increase of water- 
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vapor in the gas mixture will cause the reduced 
ore to adsorb less hydrogen 


Hydrogen evacuated 
n 


Reduction gas ce at 25°C and 769 
mixture m per m Hg Remarks 


As is evident from the following data: Samples 
of 7.5 g of a 140 mesh garnierite product from 
Celebes, No. 4 were reduced in gas mixtures while 
raising the temperature to 950 C. The samples con- 
tained 9.5 pct Ni, 0.93 pet Fe, 71.15 pet SiO, and 
8.84 pct MgO 

A 140 mesh garnierite sample from Silesia was 
used to estimate the extractions after a normal re- 
juction at 950 C. Below 200 C reduced sam- 
ples were cooled to 15 C in a current of dry 
hydrogen and immediately transferred to the weak 
leach liquor. This sample contained 6.71 pct Ni, 
2.61 pet Fe, 49.50 pet SiO, and 8.29 pet MgO 


Reduction gas minature pet Kemarks 


It is evident that increased nickel extraction runs 
parallel with decreased hydrogen adsorption 


Adsorption as Obtained from CO and CO 
Mixtures, etc.: As a result of further research along 
this particular line of investigation, it was found 
that nickel extraction was greatly affected by the 
physical state or surface condition of the metal after 
reduction. It became evident that high extractions 
could be easily obtained from reduced ore if the 
metal was free from adsorbed gases, but it was also 


observed that under certain conditions reduced gar- 
nierite may show a gas adsorption of unknown 
magnitude corresponding with low nickel extrac- 
tion. By depressing such gas adsorption in a par- 
ticular way extractions improve materially. The 
means of doing so have been patented by the author 
(c.f. Dutch patent No. 44768. Klasse 40 a. 43., 
uranted Dee 16, 1938; and French patent No 
837609 May 6, 1936) 

As claimed, improvements are made by restric- 
gas within certain 
1 amounts of a sul- 


tion of the reducing power o 
limits, by the addition of sma 
phur compound to the ore prior to reduction, or by 
the use of reducing gases having a small sulphur 


Complete elimination of adsorbed gases may be 
ibtained by passing watervapor or CO, gas over red 


hot reduced ore for a short time avoiding, howeve1 


eoxidation 

These means may be combined advantageously 
by controlling the reduction of ore judiciously, by 
adding a small amount of finely ground pyrite to 
the ore, and by cooling the hot reduced ore in an 
itmosphere free from oxygen containing much 
watervay or CO. gas, or a combination of both 
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The results of this investigation may be sum- 
marized as follows: 1. Hydrogen and carbon mon- 
oxide may be adsorbed by reduced garnierite to a 
considerable extent, even if the temperature of re- 
duction is raised up to 950°C. On the other hand the 
nickel metal or alloy of nickel and iron has little 
tendency to adsorb CO.. 

2. At a lower reduction temperature extraordinarily 
high gas adsorption has been observed. A gar- 
nierite sample reduced at 750°C adsorbed as much 
as 15.6 atoms of hydrogen per 100 atoms of nickel 
This result compared with results of nickel catalysts 
on support, indicates an astonishingly great ad- 
sorption power of reduced garnierite, and an ex- 
tremely fine division of the metal in such a prod- 
uct. Such a physical condition of the metal charged 
with gas results in low extraction. Gas adsorption 
diminishes with rise of temperature and for prac- 
tical purposes a reduction temperature of 900°C 
will give satisfactory extractions and may be recom- 
mended for garnierite ores 


3. Garnierite, after reduction at 950 C and cooling 
to room temperature in reducing gas, will adsorb 
quite some oxygen when exposed to the air, indi- 
cating the presence of a very large metal surface 
3v raising the temperature to 100°C the oxygen ad- 
sorption increases considerably. At about 150°C 
absorption started and very slowly more and more 
oxygen was taken up by the metal. In this state the 
metal becomes largely passive, with a detrimental 
effect upon extraction 

4. The addition of small amounts of finely divided 
pyrite to the garnierite prior to reduction will de- 
press the hydrogen adsorption to a certain extent, 
with a resulting material increase in extraction. As 
this addition probably also affects the potential of 
the metal favorably, it would seem that a combined 
effect is responsible for the great improvement ob- 
served 

5. When a current of water vapor or CO, gas Is 
passed over red hot reduced ore, it will have the 
effect of eliminating quickly and completely all 
adsorbed reducing gas. In addition such metal will 
lose more or less its tendency to adsorb oxygen if 
exposed to the air at room temperature or tempera- 
ture up to 100 °C. The metal thus obtained is almost 
in a gas-free state prior to the extraction. This 
physical state favors fast dissolution of the metal, 
and the beneficial effect upon the extraction is very 
marked 

6. The extraction of reduced garnierite charged 
with gas may be considerably improved by the use 
of strong lukewarm liquors. From gas-free metal, 
however. high extractions may be obtained by using 
weak leach liquors at room temperature 

7. Nickel ores of the true oxide class, such as earthy 
chocolate ores, show very little tendency to adsorb 
gases during reduction and high extraction may be 
obtained therefrom even when using weak liquors 
at room temperature 

8. Hydrogen is a more powerful reducing agent 
than carbon monoxide at a temperature of 900°C 
For normal ores, reduction with gas mixtures con- 
taining 90 pet H.O and 10 pet H. will result in the 
desired high extraction of nickel. The same result 
may be obtained with gases containing proportion- 
ately about 75 pct CO to 25 pet carbon monoxide 
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9. Below 200°C the ores should be cooled in gases 
containing very 
formation of nickel carbonyl or low 
CO adsorption which may affect the extraction un- 
favorably. For the exact figures of the results ob- 
consult the corresponding 


little carbon monoxide to avoid 
temperature 


tained the reader may 
tables 


Amount of Gases Adsorbed During Reduction: 
Celebes. Garnierite sample No. 4 140 mesh 10 
g. Reduced at 950 C. Ni 9.15 pet, Fe 0.93 pet, SiO 
71.15 pet, MgO 8.84 pet 


Gas evacuated at 650°C 


Gas mixture used mt. at 20°C and 760 m per m 


tor reduction Hig pressure 


Effect of Gas Adsorption on Extraction: Celebes 
garnierite 200 mesh Ni 5.03 pet,.Fe 4.90 pet, SiO 
pet, MgO 17.0 pet. Reduced in hydrogen cur- 
rent and cooled to room temperature. Above 750°C 


38.82 


hydrogen adsorption decreased 


Temperature of reduction, 756 Tove 


Depressing Hydrogen Adsorption by the Addition 
of a Sulphur Compound: Celebes garnierite sample 
No. 4. Ni 9.15 pet 140 mesh from 10 g ore reduced 
in hydrogen current at 950 C, evacuated at 650 C 


m.l, hydrogen collected 


Addition to of 


Effect of Small Addition of Pyrite on Ni-extrac- 
tion: Celebes garnierite No. 28. Ni 17.28 pet, Fe 1.295 
pet, SiO. 52.7 pet and MgO 10.61 pet. Reduced in 
current of 90 pet H.O and 10 pet H 140 mesh 
sample Cooled below 200 C in dry H, to 20 C 


extracted in weak liquor at 20 S 


Pot Fes: added to sample Ni-extractior 


Combined Effect of Gas Elimination and Sulphur 
Addition: Celebes garnierite ore. Ni 5.03 pet, FeO 
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8.32 pet, SiO, 58.82 pet, MgO 17 


17 pet 200 mesh The highest extraction and lowest tendency to 
Reduced in hydrogen current at 800°C and cooled passivity was found for the gas ratio 90 pet H.O 
* to 20 C before being exposed to the air 


10 pet H.. See column 4 


ee 2 Effect of Temperature of Leach Liquor upon the 
7 a Extraction: Reduced in a current of dry hydrogen at 
‘ 950 C. Garnierite charged with adsorbed hydrogen 
educed and tor 2 mix to ore Celebes garnierite No. 28. Ni 17.28 pet 140 mesh 
cucront pong Extraction in weak liquor (NH, 1.29 pct) 
ame as 
fe Passivity Caused by Increased Oxygen Adsorp- 
; Ore reduced in hydrogen current at 950 C 
exposed to the air between 150°) and 15 Cc 
Extracted in W.L. at 20 (¢ 
Chemical composition of the 140 mesh ore 
specimen 
Ni Pot fel MgO 
Oxygen Adsorption: Celeb« arnierite sample 
No. 4. Ni 9.15 pet 140 mesh from 7.5 g. Reduced 
n hvd en ¢ ent 
\ ‘ Nivestra Ni-extract 
WoL. 
ev acuatior 
| 
att ed 
hrough the 
Effect of Elimination of Adsorbed Reducing Gas 
vew ‘ i late ore 22a, Ni 16.12 by CO upon the Extraction. Samples reduced in 
; ct, Pe or t 4.0 vere reduced in a current hydrogen current at 960 C, at which temperature a 
gt >: ; tco ? ( 950 C evacuated low current of CO. wa passed over the ore for 5 
GOO ed to 20 ¢ bed at 20 C, 5.4 min., cooling the ore thereafter quickly in CO.. Thi 
’ O effects simultaneously a very low tendency for oxv- 
¥ Whil f reauel as for thi gen adsorption. Extraction in weak lig it 20 ¢ 
as a ple \ or mi. UO ne oxvgen 
ad t the e hig) 
nad ' ‘ ‘ 
j Effect of Reducing Power of Gas upon the Extrae- sir alter 
+ tion and Corresponding Susceptibility of the Ore for es : 
AY Passivity 140 erite imple f 
5 Silk si) 49 t. MeO 
net Red ( ext ve 
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Between 100° and —15°C there was no difference 
In extraction, indicating the absence of passivity 
At the temperatures indicated, the samples were 
quickly transferred to the leach liquor 


Gas Adsorption of Earthy Chocolate Ore: 7.5 ¢ 


140 mesh, sample 22. Reduced at 950°C in gas 
mixture containing 77.2 pet CO, and 22.8 pet CO 


Cooled below 200°C in dry CO, gas 

Evacuated at 650°C gave 0.85 ml. CO, 0.65 ml. H 
and 1.9 ml. CO.. 

This very low gas adsorption coincides with high 
nickel extractions in weak liquor at 20°C 


Passivity of Iron-rich Nickel Ores: Evidence has 
given of the presence of nickel-iron solid 
solutions in reduced nickel ores and that such 
loys will favor the adsorption of oxygen if exposed 
to the air after being cooled to room temperature 


been 


al- 


This oxygen adsorption will cause some temperature room temperature containing about 3.5 pet NH. 
rise of the ore, and this increase in turn will pro- After 6 hr agitation a very poor result was obtained, 
mote the adsorption of more oxygen as only 10 pet of the nickel had been extracted and 
Table Il. Results of Extraction after Reduction in H.O-H and CO.-CO Gas Mixtures at 950° Cooling the Re- 
duced Ore Below 200°C in Dry Hydrogen or CO 
N. ¢ Earthy Chocolate Ore Sample 22 
Gas mixtures Ni-estraction Ni-extraction Fe-extraction Gas mixture Ni-extraction 
tor reduction WL. at 20° by Cuso by CusoO for W.L. at 20°C 
solution solution reduction 
Po Pot Pot 
435 45 
Ratio Ni to 
Fe in alloy 
ion 
Res iSO). leach 
Treatment of the ore at 620°C Treatment of the ore at 600°C 
Smn CO rent over the ore min curreat over the ore 
Ra Katie ot 
Pet Fe we Pet Ni Pot be ne Pet N Fe:Ni in 
extra li extrac extras extrac solid 
t thon 
solution 
Amer ' 
Nid ed Ni extraction XN “s ved Ni extraction 
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Under certain conditions, such as the combined 
effect of moist air, low temperature of reduction 
(about 800°C) and dumping of reduced ore on 
heaps, the ore may become even pyrophoric. 

Ores such laterites, high in iron but low in 
nickel content, will have only a very moderate NiFe 
alloy content after reduction. Such ores exposed to 
the air in piles nevertheless will become lukewarm. 
This is a fair indication of more or less passivity. 
The following example may show such an effect: 

Laterite was reduced in an internally-fired lab- 
oratory rotary kiln, which had a capacity of 0.5 ton 
of reduced per 24 hr. The reduced ore was 
properly cooled to room temperature and dumped 
from the container on the floor where it soon be- 
came lukewarm by contact with the air. In the re- 
duced state it contained 1.6 pct nickel. The reduced 
ore Was agitated in a ratio 1:4 with leach liquor at 


as 


ore 


improved after 24 hr 


A fresh amount of the same reduced ore was sub- 


£ liquor ratio 1:4, for about 16 hi 
) This time after 6 hr agitation, 
el wus extracted. What may have 
ised thi remarkable effect” The « xplanation Is 
ather simple \ thin blanket of Fe(OH), was no- 
ced on the irface of the ubmerged ore Part of 
« iron from the alloy that wa ti passive en- 
ed int orution a te ou ron rther oxida- 
ym caused precipitation of ferric hydroxide. Dis- 
ed en was thus removed from the liquor in 
ettled pulp as well as from the Ni-Fe-alloy, in 
ch manne the metal became depolarized and a 
ood extraction was reestablished 
In the first-mentioned case of poor extraction ore 
id leach liquor were trongly agitated directly and 
emained more le aturated 
ith dissolved oxygen throughout the period of 
tatior rh no doubt, prevented a change in the 
ve tute of the all and was responsible for 
poor re t. The ve reat dissolution pressure 
on in ammoniaca olution makes the metal s« 
ful in depola ng the passive alloy under con- 
contemy ted 
The new wa of depolarization has been effec- 
( ised in most of the larger cale laboratory 
his test vhen 10 or more kg of ore were 
tuted 


The Effect of Sulphur upon Lron-rich Reduced 


Ore: Ea ( evidence ha been given that mall 


ounts of ilphu 1 ived a ilphide in leach 
have a benetic effect upon the nickel ex- 
tractior f pure educed irmierite 
The followi esult how a reverse effect for 
mi-rit nickel \ assy and an earthy type 
chow ite e from New Caledonia as well as an 
" ch mixed garnierite ample fron Celebes 
vere reduced in a current of 10 pet H. and 90 pet 
HO 950 C. Be w 200 C the samples were cooled 
t ( d hvd el The ample were 
rate ea t thie eact and at once 
tated t vo eact a) contain- 
( \ phid ind 6) tree olf le 
| ! ext ! vere made i 
‘ t nt nit 10 ct ¢ 
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Table IV. Ni-extractions 
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To understand clearly the conditions under which 
nickel extractions were obtained from the ammoni- 
acal liquor it should be remembered that the ratio 
of liquor to ore was very great, which was normal 
for all small scale tests. While the samples were be- 
ing strongly agitated, dissolution took place and the 
oxygen content of the leach liquor must have been 
nearly saturated. Iron is thus readily precipitated 
in a flocculent form as Fe(OH) 

In the case where sulphide-containing liquor was 
used the oxygen content must have been very low 
during the early stage of agitation owing to the 
sulphide, which also was responsible for the greatly 
depressed dissolution of iron 

Then there were very low concentrations of iron 
and oxygen, not flocculent ferric hydroxide, but thin 
tenacious adhering films were formed on the surface 
of the alloy. Such films of a hydrophobic nature 
may have protected the underlying alloy very 
effectively from further dissolution and may have 
caused the low extractions. It should be noted that 
the sulphide in the liquor gradually oxidized to 
sulphur and sulphate resulting in an increase in 
oxygen and a decrease in suly hide during the course 
of agitation. There was, however, not a sufficient 
lack of 
have been responsible for the low extractions 


oxygen during the course of agitation to 


In the case of the sulphide-free leach liquor the 
flocculent Fe(OH), formed evidently does not inter- 
fere with extraction 

Evidence that tough films of Fe(OH), may be 
formed was found in the glass surface of the agita- 
tor. They adhered perfectly to the glass and were 
often so thin that they howed interference light 
colors. To investigate the supposition just made and 
to look into this matter from another point of view 
a few samples were reduced with hydrogen sulphide 


in order to get metal sulphides instead of an alloy 


As such sulphides dissolve slowly in ammoniacal 
liquor by using a great exce of leach liquor and 
trong agitation it is likely that the liquor will hold 


ufficient oxygen to precipitate the iron in the floc- 
culent harmless form. If this supposition is correct 
nickel! extractions from sulphides of nickel and iron 


wuld be reasonably good, in contra with result 
Id t t t th It 


obtained from normal reduction, extracting the al- 
vy thereafter in sulphide-containing liquor Thi 


wus borne out experimentally 


Table V. Ores Reduced with HS at 950°C 


considerably be er than ot uned a 


mal reduction and the e of weak phid 
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{ 
this result still could not be i a 
agitation 
i 
a 
; 
| 
' 
J 
| 
Ne S content of 
H Cus ample atte 
In the me te t n both nickel 
ind nf the « dissolved respectively The complex nickel-iron ilphide inder the 
‘ hit rite ind 1! n iven condition are omewhat oluble than 
A terference i ‘ ‘ ected fron precipitated plain nickel sulphide Part of the ulphide was 
eg ferric hvd ‘ oxidized to sulphur and part to sulphate. The ex- 
vere int eement witl - 
extraction rr the ‘ itior taining leach liquor to dissolve the alloy 


Considering these facts, it is logical to add the 
sulphur as pyrite to complex, iron containing gar- 
nierite ores prior to reduction in order to improve 
as a constituent of the reducing 
effective and patented, c.f 
19238, No. 44768 klasse 40a.43 
1936, No. 837.609 


the extraction, o1 
gas. Both means are 
Dutch patent, Dec. 16, 
French patent, May 6 


Carbonyl! Formation or CO-adsorption below 
180°C and Its Influence upon Extraction: The finely - 


divided state of the nickel or nickel-iron alloy as 
formed by the reduction of garnierite ore will no 
doubt favor carbonyl formation 


As has been pointed out earlier, the extraction of 
reduced garnierite may be unfavorably affected by 
the adsorption of reducing gas, and it was therefore 
worth while to investigate the effect of low tem- 
perature CO-adsorption 

For gation two pure garnierite samples 


Wel 


this investi 
selected as well as a normal garnierite sample 
containing iron and two samples chocolate ore, one 
issy and one of the earthy type. They were 
and cooled be- 


of the gl 


reduced in a current of CO at 950°C 


TRANSACTIONS AIME VOL 


carbide formation 
C. As the rate of 
it is not likely that 
importance took place 
Above 900 C the nickel-iron alloy may have dis- 
solved only a very small of carbon, 
nickel has the tendency to depress the solubility of 


nickel 
to 200 
howevel! 


have passed the range of 
from 420 

fast 
ot 


while cooling 
cooling was very 
formation 


carbide any 


amount since 


carbon in iron materially in the austenitic phase 
Nevertheless it may have had some effect upon the 
extraction, for it is significant that the samples re- 


no difference in extraction as 
below 180 C, the 
were somewhat af- 
of CO At 
commercial 


CO showed 
a of CO contact 
samples reduced by hydrogen 
fected, particularly by 
any it would 
operation to cool the ore below 


duced by 
result whereas 
current 
in 
Cc 


slow 
advisable 
200 


u 
rate seem 
for example 


little 


in a stationary atmosphere containing very 

CO, which may be obtained by almost complete 
combustion of the reducing gases. The atmosphere 
should be relatively rich in CO. but free from oxy- 


there is no need to feat 
nickel volatiliza 


gen. Under such conditions 


decreased extraction o1 by 


loss oft 


tion 


low 200 C; (a) in a stationary atmosphere of CO 

to —-15 C; (b) in a nitrogen current to —15°C Required Concentration of Reducing Components 
Afterwards they were quickly transferred to the in Gas for Effective Reduction of Nickel Ores: We 
leach liquor 3esides the reduction with CO, one of are aware of the fact that it is difficult to reduce 
the samples,—the earthy type of chocolate ore—was FeO, to metallic iron by CO-CO. and H.-H.O gas 
also reduced in a current of 20 pet H, and 80 pet H.O mixtures and that high concentrations of CO or H 
at 950 C and cooled below 200 C, (a) in dry hydro- are required. NiO, on the other hand, ts very 
gen, (b) in a stationary atmosphere of CO and (c) readily reduced to metallic nickel under quite low 

na slow current of CO, however in such a way, that concentrations of CO or H., in the gas mixture 
the loss of nickel by volatilization was negligible From the equilibrium curves as plotted by East- 
for (c) man and others it is evident that at about 735 C 
the reducing power of CO and H_ for the reduction 
Table VI. Results of Ni-extraction in W.L. at 20°C of FeO, is equal, but at higher temperatures hydro- 
after CO-reduction ven becomes a more powerful reducing 
agent for iron oxide. In run-of-mine 
Ni-extraction garnierite ore nickel oxide may be 
present in combined form as garnierite, 

Cooled be Cooled be or may occur as free oxide, intimately 

mixed with iron oxide 

Sample Ni Pot be Pet ary CO urrent Remarks Between these extreme members of 
this mineral family quite a number of 
intermediate products may exist, such 
as chocolate ore, chrysoprase and even 
serpentine, the member closest related 
to the virgin basic rock, may be pres- 
ent All such product whave differ- 
ently when reduced by hydrogen and/or 
carbon monoxide 
. It has been noted earlier (1) that 
NiO in the combined form as garnierite 
? is not quite so easily reduced as the 
free oxide; and (2) that true oxides of 
Cooled below nickel and iron free from silica, though 
’ 205°C in stow 

rather easily reduced, require a certain 
minimum reducing power of the ga 
mixture which obviously hould — be 
sreater than for true iheate ore with 

enenenneneeene? high nickel content. As all these com 

It may be pointed out that: 1. The ores reduced pounds are normally present in run-of-mine gat 

na current of CO have taken up a small amount of nierite ore, an investigation was made to determine 

carbon above 900 C in solid solution, because in the the required reducing power of the gas mixture for 
course of reduction the very finely divided metal everal types of mineral 

is served as a catalyst for the Boudouard reaction Sample 12a, a hydrated silicate of nickel almost 

COC. CO nd quite some amorphous carbon free trom magne i, represented the most easily re- 

i een precipitated on the ore, as was confirmed lucible pe while ample 22. a homogeneou 

reduction the samples must earth tvpe of chocolate ore high in tron oxide 
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would require no doubt a greater reducing power of 


ised for reduction 


the ga 


The nickel extractions were made in weak leach 


liquor at 20 C 


(Table VIL.) 


Table VII. 


Samy Sample 22 

Ni 20 Ni 15.03 p 

te te 22.41 t 
Gas mixture for SiO) $5.1 pet SiO: 23.4 pet 


eduction at 950% Mg) 1.45 pet 


inder (5) was mere successfi and 


ave higher extraction, as can be seen by compar- 


ing results of the hydrogen reduction for that iron- 
rich sample and the carbon monoxide reduction 
inde! (9) Hydrogen a 


therefore a trongel 


could be expected 
agent than carbon 


950 C 


reducing 
monoxide at a temperature of 

\ bette illustration was obtained from the glassy 
(Table LIX). All three 


imultaneously 


ype of chocolate ore ample 


educed under exactly 


as Mixture 


t mr the re I esult t ma be concluded 
that the xtures required to obtain high nickel 
extract need nave in te concen- 
tratior CO and H These i can be easily pre 
luced ‘ il t ncomplete omt t n oft 
olid ‘ 1 ‘ n ace TI ‘ 
two air t « combined, internal-firing and 
imultaneous reduction with the product f partial 
combustor 


Results of Reduction with Gas Mixtures as Ob- 
tained by Partial Combustion of High Volatile Coal 


The ‘ int é ‘ er or a ‘ 

ba nierite (00 mest mople f 

Celebs ‘ ed ( nad 

oo VO « ent \ the 

N +03 pet. Fe 4.90 pet. SiO. 5 ct. MeO 0) wx 

rhe influence of th tent of ths 
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Required Reducing Power of Gas Mixture 


Table X. Analysis of Gas Used for Reduction 


Pet Pet 


Solubility of Magnesia as Present in Reduced Ore 
in Leach Liquor: For this investigation the same 
normal garnierite sample from Celebes, Ni 5.03 pct 
and MgO 17 pet was used, with the addition of 
0.2 pet finely ground pyrite. After reduction in a 
hydrogen current at 950°C, a current of CO, was 
passed over the ore for 2 min. and the ore was 
quickly cooled in CO, to 20°C. In view of the fact 
that the solubility of MgO is rather limited in am- 
moniacal leach liquor, 40 parts of leach liquor to 1 


part of solids were taken in order to get reliable 
figures for the amount of MgO entering the solu- 
thon 
Table XI. Solubility of Magnesia 
Nichkel-extraction 
MgO dissolved MgO dissolved 
Temperature n pet of in pet of 
ot ore weight ore weight WoL. at Mi t 
eduction, by W.L. at by MLL. at 
62°C, pet pet 


The solubility of magnesia decreases rapidly with 
of reduction temperature over 750°C. As 
soon as solutions become supersaturated with MgO 
some of it will crystallize out as an 
compound (NH,). CO. MeCo 
and NH.,, releasing this ammonia 

Since 


Increast 


ammonium 


(Magnesia Alba) 


undesirable ammonia 
esult from the fact that 


pounds may crystallize out under certain conditions, 


losses in the tailing 


ammonia Magnesia com- 
appropriate measures for the 


prevention of such 


losses should be taken to prevent this happening in 
in the washing circuit of the plant 


conditions are 


the agitators o1 
Fortunately 


rr 
countercurrent 


favorable in 
its, and 
es of this nature are not likely to occur if due 


been taken 


generally 
leaching and washing circu 

ecautions have In the event that tail- 
Bi hould be steamed, obviously 


oKen up and NH 


such compounds 


will be 


recovered 


Saturation Point of Leach Liquors for Nickel and 


Cobalt: Very little nickel can be dissolved in pure 


ammonia liquors free from carbon dioxide Even 
th h the solubilitv of Ni in a pure ammonium- 
carponate solution with a weight percent ratio, NH 
CO f about 1:2.2 is considerably better, liquors 
that most suited for the dissolution of nickel 


nd cobalt should have a ratio NH, : CO. by weight 


f 2 ‘ vice versa Such liquors can hold con- 
t ckel al a cot alt in ol The st 
t however, should be NH, somewhat in exce 
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of CO.. In the dissolved state, e.g. in pregnant 
solution, nickel and cobalt will be to a large extent 
present as complex compounds with NH, and CO., 
and to a smaller extent dissociated as complexes. 
Distillation of a nickel liquor will result in a satu- 
rated solution directly upon precipitation of basic 
nickel. After cooling to room tem- 
perature such liquors do not remain entirely satu- 
rated. The ratio of Ni:NH, and Co:NH, found from 
such a cooled solution gives an indication however 
of the amount of NH, combined with these metals 

While calculating the amount of NH, combined to 
nickel it should be remembered that the liquor al- 
ways contains some magnesia which also combines 
with NH 

From a nickel solution as pure as possible, satu- 
rated at boiling temperature, the following analysis 
was obtained after cooling 

Ni 3.43 pet, NH, 5.0 pet, CO 

The mol ratio in this case was Ni:NH 1: 4.17 

It is thus likely that in pure saturated and con- 
centrated liquors 1 mol nickel will combine with 4 
mol NH,. By analysis of a very pure cobalt solu- 
tion practically free from nickel and other impuri- 


carbonate of 


4.58 pect 


ties, saturated at boiling temperature, the following 


results were obtained 


One mol of cobalt seems to combine with 6 mol NH 
under these conditions 
sarily mean that the metals will combine with NH 


These results do not neces- 


in the ratios found when NH, is present in great 
excess in the leach liquor, but they may give a basis 
for calculation of the lowest amount of NH, neces- 
sary to keep these metals in solution. From such a 


calculation we may also get an idea of the amount 
of free NH, present This is of im- 
portance as commercial liquors must have a rea- 
onable amount of NH, and CO. in excess to keep the 


liquor sufficiently active 


n the liquoi 


For instance a liquor con- 
taming 2 pet Ni will contain at least 2.3 pct com- 
bined NH,, and with 2 pct cobalt this would be 3.5 
pet NH It is advisable 
current leaching condition to use with 
about 6 pet NH, to obtain pregnant solutions with 
2 pet nickel. In the case of cobalt extraction, the 
trength of NH hould be at least 7 to 8 pct 
Normal leach liquors, containing small amounts of 
sulphate (the latter re- 
to the 
basic nickel 


however under counter- 


liquors 


ammonium 


naune a and 
ilting from the 


presence of added sulphides 
ore) were boiled till precipitation of 

After 
XII) 


carbonate irted cooling, the liquor were 


(Tabl 


Table XIL. Results of Analyses 
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Liquors with decreasing Ni-content will require 
comparatively more NH, to keep the nickel in solu- 
tion. For practical purposes it appears advisable 
to calculate the free ammonia content of the preg- 
nant liquors on the basis of 1 mol of nickel combined 
with 6 mol NH,, in order to be able to measure the 
remaining dissolving power of the liquor. 


Partial Combustion of Fuels by Air: Partial com- 
bustion of powdered low grade high volatile coal 
from the Netherlands East Indies 

The 


operating a full size Fuller 


below were obtained by 


burner and cutting off 


results discussed 


the secondary ai: 


By complete combustion of 1 kg of coal, 0.941 kg 
of water was formed. Gas obtained 
during the test follow. (Percentages by volume are 
given on waterfree basis.) 


analyses as 


The gas temperature was measured at about 1300°C 
after the kiln had reached a constant temperature 
These actual compo- 
sition of the gas at high temperature, but a simple 


analyses do not represent the 


the following 
trace, HO 11.3 pet, 


calculation will give 
CO. 8.7 pet, CO 11.2 pet, H 
N. 68.8 pet 


Partial Combustion of City Gas: The laboratory 
internally heated by 
combustion of city gas, which made it possible to 
reduce ore at a temperature of about 900°C. From 
amples inside the kiln were taken 


XIII) 


rotary kiln was incomplete 


everal rans ga 


and analvzed. (Table 


Table NUL. Analysis of Gas Samples 


(sas trom partial 
city combustion on water 


was, Pot tree basis, Po: 


actual composition of the gas at high tem- 
perature after partial combustion found by cal- 
lon to be as follow 


CO 4.1 pet, CO 6.1 pet, H. 2.1 pet, HO 41.4 pet 


N. 46.5 pet 
It is obvious that hydrogen is preferentially first 
oxidized when city a 1 burned by an amount of 
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Pet Co Poo NH Pa CO Ratio Co:NH 
‘ 
| 
jo 
| | A 
ak 
' 
Ratio 
al n hcient f complete combustion 2 
By diminishir the a ipply omewhat more i 
hydrogen may be obtained in the gas mixture. The ; 
79 


following analyses on a waterfree basis were ob- True garnierite ores in the proper sense should 
tained from three different runs of the kiln be reduced in a finely ground state, and such prod- 


ucts having a moisture content of 15 to 20 pct may 
be readily treated in the rotary kiln after addition 


b 
of a small amount of finely ground pyrite to im- 
prove the extraction 
In the laboratory rotary kiln runs were made 
$4 with laterites and soft ores from the transition zone. 
f = To this earthy type of ore no pyrite was added. The 
reduced ore was cooled to room temperature in a 
: Under these conditions hydrogen no doubt affected CO. atmosphere and then dumped on the floor from 
most of the reduction. On the other hand, with the container. After being crushed to a 40 mesh 
powdered coal the reduction of ore can be affected product the ore was left undisturbed for several 
4 \ only by carbon monoxide, as hydrogen is almost hours submerged in the leach liquor prior to agita- 
. absent in the reducing gas tion for most of the tests 
The following are practical factors of the process A measured volume of air was blown through 
fs Ore Treatment in the Rotary Kiln: The rotary the pulp, causing oxidation accompanied by a rise 
kiln by virtue of its qualities has found extensive in temperature 
ry ipplicatio and it may be ised to advantage in P 
- : Treatment of Laterite: Ores of this type, includ- 
¥ : reducing nickel ores, under certain conditions. It : 
; 7 ing garnierite deposits, usually contain over 30 pet 
is well known that this sort of ore contains a con- . 
iron. A sample from Celebes containing 33 pct iron 
i > iderable percentage of combined water which will 
ns - was reduced in the laboratory rotary kiln at a tem- 
be gradually expelled with rise in temperature 
. : perature of about 900 (€ To the air-dry ore 15 pet 
Finely ground ore of this nature when charged dry : 
nope e water was added and 3 pet high volatile powdered 
to the kiln will flow as a result of the fact that the . 908 
coal After reduction the ore contained 1.725 pet 
: water vapor that is driven out cannot escape fast ; 
ry Ni, and in a neutral copper sulphate solution free 
enough and the reducing gas moreover does not 
th T) effect from contact with the air, nickel and iron were dis- 
ome if ont Wit! { ®.¢ 
solved in the ratio 2:3, indicating that the alloy 
trimental tor proper reduction weve! 
P uf formed had probably this composition. The carbon 
olloidi iatur f t f 
s ttintinith etted e colloidal nature of the finely content of the reduced ore was 1.08 pct, equivalent 
reur ore ‘ nta te - 
ind ised advantageously to about 1.3 pet coke. As the coal had 45 pet 
; me this difficult The addition of 15 to 20 pet volatile matter, only a small amount of coke was 
water to ore r mstance, will make the ore mort consumed for reduction. Reduction, therefore, was 
‘ = 5 ticky and the rolling action of the kiln will affected mainly by gases from partial combustion 
rig cause he Tormation of nali soft pea-size lumps of city gas, and by the gas evolved from the coal 
re Wate Vapor can escape easily through this loose The partial combustion served for internal heating 
‘ charge and the ore bed will roll normally through as well as for reduction 
the kily In t ood eor _2 
at Way a olid contact is ob Part of the reduced ore was ground to 33.6 pet on 
ph ned and the no more t vy for flowin 9 . 
Tye tained and there nore tendency for flowing 200 mesh. The part that was not ground consisted 
te of the ore of soft lumps and some fine material. Both samples 
; Re ts were obtained in a rotary laboratory kiln were treated under the same conditions. They were 
t vith a 9 iv d having a capacity of 0.5 ton of re- agitated at a ratio of 1 kg of ore to 6 liters of fresh 
“iH tuced © pe ! A commercia ize unit will leach liquor. The liquor contained 5.67 pct NH, and 
¢ obat e the me result In order to secure 4.5 pet CO. and the temperature of the pulp wa 
aay ~s eduction within the ore bed to 4 pet of raised to about 37 C. A controlled amount of ai 
#3, itile powdered coal was thoroughly mixed was introduced below the level of the pulp, and a 
Mee th the feed strong agitation by a propeller was maintained in 
In tae kilt te heated partial combus- the closed asbestos-jacketed aluminum agitator! 
4 on of cu is, the ore was not retained for a which effectively prevented any settling of the ore 
at that min., and the tf rature was treated. (Table XIV) 
Table XIV. Results 
‘ Ground atter reduc 
. ble that in com- tien to 33.4 pet on 
ere ed hiot ice Time of 220 mesh 
Ni-extraction 
x concluded that the 
\ mat ns} t tne ct? eu ) the each yuor haa eady access to the metal present 
‘ “ Hserved rt ' vere Tormed and n the reduced ore, as well as in the sample that was 
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Ratio of Ore to Leach Liquor: Although in com- 
mercial operation it is likely that countercurrent 
leaching will be adopted, batch leaching tests were 
preferred for the laboratory test. Even though not 
entirely comparable with countercurrent leaching 
tests, they nevertheless give a sufficiently clear pic- 
ture of the factors of importance in commercial 
operation. The dissolution of nickel-iron alloy 
formed by veduction proceeds rapidly in the be- 
ginning, gradually slowing down towards the end 
The iron after dissolution is readily precipitated as 
ferric hydroxide, which is almost insoluble in the 
leach liquor. During the early stage of batch leach- 
ing much iron enters into the solution and it is 
likely that the oxygen content of the leach liquor 
may be very low, even almost depleted during this 
period. In countercurrent leaching since the ore ts 
continuously fed to the agitator, the leach liquor 
will not lose tts 
probable that in the early stage of dissolution ex- 
traction may proceed even faster. This is one point 
of difference between batch treatment and contin- 


oxygen content so easily, and it is 


uous countercurrent leaching 

Batch tests were made to investigate the course 
of dissolution. The fresh leach liquor used con- 
tained 3.78 pet NH, and 3.00 pet CO, and the max 


temperature of the pulp was 37 ¢ 
Table XV. Results on Reduced Laterite Ni 1.725 Pet 


Ratio 1.5 Ratio 3 


Fe content he content 


Time ot of liquor ot liquer 


rgitation pet ret 


Leached in the ratio 1:6, 84.9 pet of the nickel was 
It is evident that a low ratio of liquor to 
Conditions 


dissolved 

not favorable for high extraction 
age of dissolution probably cause the 
hydrophobic ferric hydroxide films, 
which may affect extraction more or less. In addi- 
tion it should be realized that the nickel content of 
the liquor for the 1:1.5 ratio extraction test was 
0.897 pet at the end of the dissolution and only 
0.479 pet r the 1:3 ratio. The dissolution power 


of the lat therefore remained 


formation of 


liquot stronger, 


having some effect upon extraction 
The tron Content of Pregnant Liquors: The CO 
content of the leach liquor may result in the dis- 
iron as the following results 
indicate The same ample of laterite (Ni 1.725 pet) 
agitated in the ratio 1:6. At the start of agita- 


temperature of the pulp was 2: 


olution of more or less 


The results indicate the CO. is the constituent 
that controls the rate of dissolution of iron and also 
affects the final iron content of the liquor after due 


agitation. 

This is evident from the figures in Table XVI 
Under the same condition the sample of laterite was 
treated in the ratio 1:6 Ni 1.725 pet 
temperature of the pulp did not rise above 37 C 


The maximum 


Table XVI 


Fresh leach liquor lron content of liquer 
composition after agitation 


iS min 


Pot be 


Although the iron content of the liquor may seem 
ather unimportant, it affects the 
purity of the basic nickel carbonate obtained from 
the liquor by distillation. The iron content of the 
liquor can be still further depressed by increasing 
and by 


nevertheless 


the temperature of the pulp to 50° or 60 C 
introducing sulphur ions in the solution, resulting 
from the addition of a small amount of pyrite to 
the ore prior to reduction. Sulphides present in the 
reduced ore will give sulphur ions in the liquor 
The combined effect of lukewarm liquors and sul- 
phur ions reduces the iron content materially, but 
it is impossible to remove all the iron from the 
liquor 

The Nickel Content of the Liquor and Its Influence 
upon the Nickel Extraction: Evidence has been 
given, that a mol ratio of 1:4 of nickel and NH, may 
be present in pure concentrated saturated liquor 
If this basis is accepted for the following solution 
containing 1.39 pet Ni, 5.43 pet NH, and 4.67 pet 
CO., the content of free NH, and CO. should be re- 
spectively 3.79 pet and 3.33 pet 

Extraction with this solution was 
that of a fresh liquor containing 3.78 pet NH, and 
3.00 pet CO.. The same sample of reduced laterite, 
with 1.725 pet Ni, was treated in a ratio of 1 to 6 
but the maximum temperature of the pulp was only 


37 C. (Table XVII) 
Table Results 


compared with 


extrac 


Leach liquor I has a nickel content of 1.63 pet and 
I], 0.24 pet at the end of extraction 

The dissolution pressure of a metal according to 
Nernst conception, will be counteracted by the 
olution. This being the 


xtraction inder- 


metal ions present in the 
cast the cause decreased «¢ 


tandable in the case of the nickel rich liquor 
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40 min he 
Poa NH Pa CO Pot Fe Pot te 
+3 
4 
| 
| 
Ni 4 ‘ 
pet 
5 $3.3 
Ni rich liqu or 
Ni 1.99 pot Fresh liquor 
NEL 5.43 CO> 4.67 pet NM 
Fein 
Time of solution Fe in Ni-extras 
Agitation pet tron olution thon y 
‘ 
‘ 
Fe content of leach | ‘ 
Compo 
Fresh lea afte afte afte 
Nil co et gitat gitat 
i 
4 


Implications are that liquors with low nickel con- 
centrations favor high nickel extractions; hence it 

obvious that countercurrent leaching is most 
effective. Furthermore as was found experimentally 
4 to 4.5 pet free ammonia, e.g. not combined to 
nickel, should be present for effective extraction 
For instance, in a pregnant solution containing 2 
t nickel at least 2.3 pet NH, will be combined 


with the nickel, whereas for countercurrent opera- 


tion such liquor hould contain about 7 pet total 
NH,. Such a solution i till active, an important 
factor for fast dissolution of nickel in the early 


tage of extraction and desirable for a favorable 


effect on the outcome 

So far al! results were obtained from samples 
agitated directly after the ore was added to the 
leach liquor The following tests differ only in that 
the sample emained undisturbed in the leach 
liquors for several hours prior to agitation. This 
precaution was taken to avoid erratic results from 


possible passivity 


The Effect of Strong Liquors upon the Extraction: 
Another sample of laterite from Celebes was re- 
duced in the rotary kiln at about 900°C. The re- 
duced ore contained 1.60 pet Ni, was rather coarsely 

round, like the previou ample, and was agitated 
ina 1:3 ratio with a resulting rise in the pulp tem- 
perature from 22° to 37 ¢ As in the previous tests, 
the CO. content of the liquor was lower than the 


NH, content. (Table XVIII) 


Table XVII Results of the Nickel Extraction 


AGEPTATION 


be 
Ni ‘ +t h st 
For th ade of ore thi wa the lowest pulp 
itio for effective extractior A ratio of 1:4 re- 
Inv onl 6 agitation would have been bette: 
10 pet more extractior wa obtained with the 
tronger liqu After agitation the first liquor had 
i nickel content of 0.445 pet and the second 0.499 
pet It n 1 be noted that the ise ot tronget! 
eact que Vu the of cause of a material in- 
Cust ! xtraction ind the ise ol trong leach 
eret ‘ ould not iM overlooked \ 
engt 6-7 pet NH he d be normal 
Velocity of Extraction: Stror ikewarm leach 
vith miptle im { ot iquida 
t te ot oxygen 
ta ‘ t nicke 
The ve t t the cKe or il 
ed | f oxvgen 
nere t ( t to ore more 
en ca tn { i e time ‘ iired for 
! ote t? ‘ educed It 
the elocit vit vhich the alloy 
i ‘ ‘ tat the taue 
| ‘ t iM 1 Ve i 
i 1 ‘ ile ition and 
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If countercurrent agitation is used the air supply 
for each set of agitators should be properly ad- 
justed since the amount required gradually dimin- 
ishes and becomes very small in the last stage 

It should also be borne in mind that in order to 
leach high grade nickel ores rapidly more solution 
per unit of dry solids is required than for lowe1 
grade ores. For the treatment of 4 pct nickel ores 
a 1:5 ratio may be recommended to obtain the de- 
sired high extraction within a reasonable length of 
time, say within 6 hr of agitation. Laboratory tests 
even indicated that 3 to 4 hr of agitation may be 
sufficient if a ratio 1:8 is used 


Temperature Rise of the Pulp as a Result of Dis- 
solving Nickel-alley: As stated before, the leach- 
ing of laterite in a ratio 1:3 caused a temperature 
rise of the pulp of about 15°C. Oxidation of 1 kg 
iron to the ferric state liberates 7746 cal and for the 
oxidation of 1 kg nickel to NiO this figure amounts 
to 1051 cal 

Assuming for the sake of simplicity that the 
specific heat of the solution is 1, and that of the ore 
is 0.25, we find the mean specific heat of the pulp 
in the ratio 4:1 to be 4.25:5-—-0.85. Assuming fur- 
ther that 4 pet nickel and 4 pct iron have to be 
dissolved from reduced garnierite ore we find by 
a simple calculation that dissolving the amount of 
nickel present in 100 kg of ore will liberate 
4(1,051 1,746) 11,188 cal. This amount of 
heat would raise the temperature of 500 kg of pulp 
by (11,188) 425 26 C, if no heat is lost. Assuming 
that the reduction has been overdone to such an 
extent, that in dissolving 4 pct nickel, 8 pct tron 
would also have to be oxidized, then the tempera- 
ture of the pulp would be raised by 4(1,051 
3.492) 425 43°C. Under tropical conditions, with 
an original pulp temperature of 30 C, the final 
temperature in the first case would have reached 
96 C, and in the second case of over reduction 73 C 
That such over reduction is not very desirable 
needs no further comment. A temperature of 56 C 
may not be objectionable as far as the extraction 
is concerned and the increase in pulp temperature 
will favorably affect the settling rate of the pulp 


Air Requirements for Dissolving Nickel Alloy: 
Earlier evidence has been given that when reducing 
a certain class of chocolate ore 10 parts of iron 
were reduced simultaneously with 9 parts of nickel 
when nickel extraction is high. This does not mean 
that for other types of ore the same ratio will hold 
true e.g., the ratio for laterite may be 3:2 

The amount of iron reduced will affect the amount 
of air required. The following results were found 
by laboratory tests, but they do not necessarily 
apply to commercial operation. It was found that 
when treating laterite, with 1.725 pct Ni in a ratio 
1:3 with fresh leach liquor containing 3.78 pct NH 
ind 3.00 pet CO., during agitation for 6 hr, 333 liter 


f air per kg of ore passed through the agitator 
and 4.2 kg of NH, and 3.4 kg of CO. per ton of ore 
were carried off by the exhaust air still rich in 

‘vgen. Pulp temperature did not exceed 37 C 
Assuming that 1.6 pet Ni and 2.4 pct Fe were dis- 


olved, the theoretical amount of air required would 


ximately 100 liters per kg of ore 


have been apy 


Under laboratory conditions a large excess wa ised 


found by analyzing the exhaust air, which showed 
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an oxygen content of 10 to 15 pet. In commercial 
operation a better efficiency of air consumption can 
probably be achieved 


Analysis of Exhaust Air from the Agitator: A 
sample of laterite was agitated in a ratio 1:2.5 with 
a leach liquor containing 2.16 pet Ni, 5.63 pet NH 
and 7.06 pet CO.. The temperature of the pulp was 
gradually raised during the course of agitation and 
the exhaust air was analyzed at frequent intervals 


(Table XIX) 
Table XIX. Analysis of Exhaust Air 


Corresponding analysis of exhaust air 
mdr» basis by volume 


Pulp temperature, NH Pe 


Leach liquor analyzed at end of agitation: NH 
5.34 pet, CO. 5.80 pet. By distilling pregnant liquors 
the ratio CO NH, as found in the distillate will 
always be lower than unity although the CO, con- 
tent of the pregnant liquor may greatly exceed the 
NH, content. During the first stage of distillation 
most of the CO, escapes through the condenser as 
a gas. Fortunately the ratio of CO NH, in the 
recovered distillate allows this liquor to be used as 
makeup for fresh leach liquor as needed to dissolve 
ore value If the extraction is carried out at higl 
pulp temperature, it may be advisable to feed the 
exhaust air to the last washing circuit repulper, 
o that prior to stripping the last amounts in a 
scrubber the NH, and CO. values may be reduced 


Effect of Over Reduction upon Settling: The set- 
tling rate of pulp, as well as the ratio of solids to 
liquid in the settled pulp, are of great importance 
n the successful application of countercurrent 
leaching and washing. Over reduction results in 
increased iron content of nickel-iron alloy which 
requires more air for dissolving, the net effect being 
that more heat will be generated in the pulp, and 
more ferric hydroxide will be precipitated from the 
liquor. Even though greater increase of tempera- 
ture may counteract this undesired effect to a cer- 
tain extent the voluminous iron product will re- 
tard the settling of the pulp. Pulp temperature 
hould not rise beyond a certain limit. Quite a rise 


ature will occur in treating medium grade 
ores containing 3 to 4 pet nickel, as was explained 
earliet It is obvious that under such conditions 
objectionable. It was observed 


while watching the settling of tailings containing 
much secondarily formed Fe(OH), that although 
the bulk of the ore settles fairly well the Fe(OH) 
and settles very slowly 
Furthermore such pulp will hold more hquor in 


the compression state which also affects the counter- 
current proce infavorably 

Samples of laterite were reduced under various 
conditions, the aim being to demonstrate the effect 


( Ove reductior One half per cent of NaCl wa 
ded to the ore, the use of which was patented in 
the o nal basic Dutch patent, granted to the 
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author March 16, 1925, No. 12975 Klasse 40a, Groep 
43 

In order to prevent a reverse effect on extraction 
the temperature of reduction should be decreased 
when adding small amounts of sodium chloride to 
the ore. It should be borne in mind that even the 
slightest sintering is detrimental to extraction 

The various sampies after reduction were leached 
at room-temperature, ratio 1:8, by 6 hr agitation 
The fresh liquor contained 7 pct NH, and 5.1 pet 


CO.. (Table XX) 


Table XX. Results of Leaching at Room Temperature 


1 Normal Normal 
Normal reduction reduction 

reduc 850°C at 
at pet Nat 2.5 pet Cal 

neo addition ndded ulded 
Ni-estraction Ni extraction Ni-extracti« 


Sample II settled about twice as fast as III. The 
addition of a small amount of NaCl solution to the 
ore prior to reduction improved the rate of settling 
quite materially, as can be seen by comparing with 
I. Extraction is also increased. Reduction of sample 
III was pushed too far and as a result it settled 
badly since the pulp contained too much Fe(OH) 

Addition of CaCl. increases extraction, but does 


not affect the temperature of reduction, as experi- 


ments showed. Over reduction objectionable, 
since it requires more air, generates more heat in 
the pulp while dissolving the alloy and require 


more and larger thickeners in the washing circuit 


Dissolving Cobalt: Although sibicate ores of the 
garnierite type usually contain very little cobalt 
this metal may be present in a more c« ncentrated 
form in the ultimate products of weathering from 
peridotite 

In addition to nickel laterites may contain 0.15 
to 0.2 pet cobalt and the red earthy iron oxide de- 
posits from peridotites also may contain greate! 
concentrations of cobalt. The form of occurrence 
of cobalt in a sample of laterite was therefore in- 
vestigated. About half the amount of cobalt pre 
ent could be concentrated by gravity as tiny rather 
heavy grains, the particles consisting mainly of 
manganese dioxide. At any rate, it appeared that 
mechanical concentration procedures could not give 
a reasonable recovery 
The occurrence of cobalt as very fine mineral par- 
ticles or combined with iron oxide, probably as a 
coprecipitate makes it probable that cobalt will be 
dissolved with nickel when reduced ore is leached 
with an ammonium carbonate solution ince co- 
balt, like nickel, forms complex compounds with 
ammonia. Cobalt being of more basic character 
than nickel, the oxide is not so readily reduced a 


nickel oxide When it is present in the ore, however, 
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it is reduced simultaneously with the nickel, and 
no doubt will be present after reduction as a com- 
plex alloy of nickel-cobalt and iron, probably with 
a small content of manganese Manganese oxide is 
difficult to reduce, but the presence of nickel and 
cobalt may facilitate reduction just as iron reduc- 


tion 1 


facilitated by the presence of nickel 
Leaching tests made on reduced laterite indicated 
that cobalt can be extracted, but trong leach 
liquors are essential for high extraction, as may be 
Its given in the next table. The 
leached in a ratio 1:4, agitating the pulp 


(Table XXI) 


The effect of the temperature of the liquor upon 


observed from result 
ore Was 


for 6 hr at room temperature 


the cobalt extraction was next investigated. Fo: 
this purpose the same sample of laterite was used 
(Ni 1.60 pet) atte reduction. The reduced ore was 
agitated in a ratio 1:8 respec- 
tively at 65 20 and 0 C for 
4 hr. (Table XXII) 


The unfavorable effect of too 


high temperature of the pul; 


evident from the results of test : ' 

1 and 2, and too low tempera h ' 
tures are certainly also not de- 


rable for both nickel and co 
balt. A further investigation re- 
vealed that the formation of 
Fe(OH) 
tion at teast partially of di 
cobalt The’ effect 


more pronounced with increase 


olved 


of temperature but 


Table XXL. 


Results of Leaching Tests 


Table XXL Effeet of Temperature of Leach Liquors 


‘ ent I ‘ ( ‘ cipitated 
Fe(OH). ‘ the f \ 
‘ 
i i ul ont ) t N 0.0324 ct Ce 
nd 2.¢ ct hence 
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Fe(OH), from the liquor. By analysis it was found, 
calculated on the original volume, that the liquor 
contained after this treatment 0.0259 pct Co, and 
hence about 16 pct of the cobalt present was pre- 
cipitated 

By repeating the test, but agitating for 18 hr, the 
cobalt content proved to be 0.0269 pct, indicating 
a decrease of 12.8 pet Co. Under these conditions 
of low NH, content of the liquor, cobalt that has 
been precipitated by Fe(OH), is not easily redis- 
solved. This 
when using weak solutions, that 1s, 
low NH, content 

Redissolution of precipitated cobalt is quite evi- 
dent from the following tests. These tests were done 


will explain the low cobalt extraction 
liquors with 


on a bigger scale, allowing samples to be drawn 
periodically from the agitator (Table XXIII). The 


Table XXL Redissolution of Precipitated Cobalt 


NEE 6.6 pot NE 4.3 pat 
ext Temp. of Ni exter ‘ 
Ni grams per ton pulp pet pt 
t ore 


ame sample ot laterite was used for the tests (Ni 
1.60 pet). The reduced ore was agitated in the ratio 
1:3 

The iron content of the liquor became very low 
after 4 hi itation and we see thereafter that the 
cobalt content increases very regularly 

In the first period of agitation, during the first 
~ hr, most of the cobalt has been dissolved, but 
part of it has been precipitated by Fe(OH) Pre- 
Fe(OH), is precipi- 
during the next 2 hr agita- 


cipitation continues as long as 
tated from the hquor, 
tion, and as the cobalt has been dissolved already 


earlier, the net outcome is, that the cobalt content 


Mmquor decreases 
On further agitation, the precipitated cobalt is 


redissolved to quite some extent. Since the nickel 


extraction increases very regularly, there is no evi- 


that nickel will also be 


lence precipitated by 
Fe(OH),, at least not to any appreciable extent 
By treating a liquor almost free from iron with 
eached ore no effect upon the cobalt content wa 
ibserved after 6 hr agitation to over 40°C. There 
accordingly no evidence that cobalt will be pre- 


pitated from the liquor by the ore itself 


Hydrolys:. of Pregnant Liquors: Countercurrent 
ishir has proved to be effective for many leach- 


hvdro VSIs 


(from dilu- 


vas of 
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4; heact Ni extraction Cobalt extractio 
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Por NOE ra CO tore 
acted } wath } h NH 
tion) does not interfere. For this reason, it 
olut cont pet i hie } a me mportance to investigate carefully the possi- 
4 tated t om tem ture f b. tte whict t tv of cr nterference for th proce This 
thy tated Fe(OH) ione for the follow pregnant lque of vary- 
Therefore pre ‘ npositior Liquo containing 1 mal, high 


Table XXIV. Analyses of Liquors 


co NH Ni 
Pet Pet Pet 
5 


and low CO. content. Analyses of these liquors are 
given in Table XXIV 

After dilution the liquors remained in closed 
flasks for 72 hr and were 
analyzed thereafter. (Table 


XXV) Nickel precipitated by hydrolysis 


These results give the 
general impression — that 
liquors with corresponding 
NH, and CO. content, as 
given in the examples, but 
with less nickel content, 
will not show hydrolysis iv 
until a greater dilution has 
been reached 

Conclusions that may be 
drawn from these results 
may be summarized as 
follows 

1. The critical dilution 
ratio for hydrolysis, will 


increase with decreasing 
carbon dioxide and _ in- 

creasing NH, content of 

the pregnant liquor 


2. From the pregnant ‘ 
liquors investigated, it was 
evident that lhquors with 
high carbon dioxide con- 
tent will precipitate basic 
nickel carbonate ut u 
moderate dilution ratio and liquors with a low car- 
bon dioxide content at a rather high dilution ratio 
The first liquors will precipitate nickel more slowly 


and less completely than the latter liquors on fur- 
ther dilution 

}. The presence of NaCl in the liquors has only 
little effect upon hydrolysis 

When treating garnierite ores under conditions of 
countercurrent leaching and washing, there is no 


need to fear hydrolysis with proper operation, a 


will be explained below 


Distillation of Pregnant Liquors: In the course of 
distillation during which the temperature of the 
! gradually raised, the excess of NH, and 
CO. will be expelled first before nickel is precipi- 


the point of nickel 


il 


tated as basic carbonate. Ne 
aturation me of the impurities, e.g. iron, are a 
ready partially precipitated, and it may be useful to 
filter the saturated liquor to improve the quality of 


precipitate obtained afte complete di 


The followir results are indicative of what hap- 


pens during the first stage of distillation up to the 
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point of nickel precipitation. The pregnant liquor 
used for this investigation contained: Ni 2.336 pct, 
NH, 6.68 pet, CO. 6.07 pet 

At frequent intervals fractions of the distillate 
were analyzed. The average NH, content of the 
liquor during the corresponding interval is given. 
The temperature of the condenser was 842 C, the 
still being heated from the outside. The first frac- 
tion of the distillate came off at 75°C and the last 
at 90 C. (Table XXVI1) 

From these results we may conclude that the 
lower the NH, content of the liquor, the higher the 
ratio of concentration in the corresponding fraction 
of the distillate 

The ratio of CO.: NH, gradually drops in the suc- 
cessive fractions of the distillate up to the point of 


Table XXV. Results after Dilution 


in pet of the original amount in liquer 
Ratio of dilution 

14 1:15 1:18 1:2 1:8 1:46 1:50 

504 

‘ ‘ Ne 

503 
5 


Table XXVIL. Values Found 


fi Distillate Ratio of 


rresponding 

average NHI oncentration Ratio ot 
ontent ot in CO UNE in 
liquer Pot NH Pa CO distillate distillate 


Table XXVIL. Pregnant Liquor ! 


Precipitated trom the Precipitated trom the 


liquer pet of the nickel iquer the remainder 


ontent Ana ot ot the nickel Spat 
vir-dried hasic-nichel Analysis of 
carbonate basin niukel carbonate 


Pregnant Liquor I 


Precipitated 75 pct of remainder of 
he he An niche Sp Analysi 
ed ba he uir-dried basic nickel 
art te 
Impuritre 
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WH, 208 
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quor atA 4205.75 5.00 f alist 
after expelhng 
(COs ava NA; 6°NH,- 
emperarure CO» 
/7%NHy 5 
diatiliation 
Fig. 2—Results from 1 Liter Pregnant Liquor. 
Course of din unde umospheric pressuce change of Composition 
te ler erature of d er 
Fig. 3—Results from 1 Liter Weak Liquor. 
‘ e ot d at under atmospher prewure change of Composition 
ite Temperature of condenser 4% 
Ve 
Me ICO. 
por at i 
\ 
= 
tu thon of nicke n the liquo It mav be noted 
that mim im ite Wa ervstallized out to 
cert n extent in the first and second fraction of 
the d it ind under commercial operation due 
precaution hould be taken in order to prevent 
t ible of tl nature (! 2) (See also fig s 4 
nd 5.) 
Impurities in the Pregnant Liquor: Normally 
exnant will be aturated, or n atu- 
In addit the ontain sulphu tly a 
ilphate \lth the mounts of the first-mer 
ca i the in ithe ma thev neve 
thels ‘ te the tute of basic-nickel- 
( te byt ed i tior fe these in 
\t ter ture n rhe ervystal 
fror | (NH,) CO,.MgeCoO 
hag ‘ iow len pose mn 
ite ‘ (4Me0O 3CO 4aq) and 
te ‘ 1 ‘ c hvd 
othe \ i} } 
te af ‘ cre tu ry int 
Sarre ¢ ! ‘ ! ni the tauterne t m le 
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with reference to iron, silica and magnesia impuri- 


ties. (Table XXVII) 
Decomposition of Basic Nickel Carbonate by 
Heat: The basic nickel carbonate obtained by dis- 


nickel liquors has a beautiful 
After being air-dried this 
compound will have the composition 3Ni(OH) 
2NiCO,.4aq. Heating to 100 C will cause a loss of 
weight of about 12 pet equivalent to 4 aq. At 250°C 
it will begin to turn black and will become entirely 
black at 275 C, when it is transformed to a black 
oxide containing some Ni.O 

This black 
800 C when it 
become 
1200 C 


color 


tillation from 
bright light 


pure 


green color 


NiO at about 
olive green color that 
after being heated to 
amou .ts of cobalt affect the 
giving it a brownish 
nickel after 


oxide is changed to 
shows a light 
more pronounced 
Small 
nickel oxide by 
A sample of basi 


preen 
shade. 


carbonate, being 


dried over concentrated H.SO,, contained 48.038 
pet Ni and 0.3342 pct sulphur largely as sulphate 
After being quickly heated to 900°C the nickel 


oxide had a nickel content of 75.6 pet with only a 
trace of sulphur 

Dry Versus Wet Grinding: The different types of 
they the 
late t 


entirely dis- 


ore a are urtace 


c (to; 


from 
(1) 


soft. 


found 
downwards may be 
layer), (2) a 


integrated ore and (3) 


In deposits 


classified as 


transition zone of 


moderate grade brown col- 


almost free of green garnierite 
disintegrated, the 
lumps 


ength, 


ored rmerite 


ore, 
bulk consisting 

These lumps 
and can be readily 


partially 
of hight weight characteristic 
are porou have little st: 
crushed 


When 


these three types are present in distinct 
layers, it would seem possible under certain favor- 
able conditions to mine each of the layers sepa- 
rately, or to strip the overburden from the more 


valuable underlying ore. The overly- 


mode 


upper layers 


ing the rate-grade garnierite ore need no com- 


minution prior to reduction; however, it may be 


of chalcedony if they are 


high 


advisable to reject preces 


present. There is usually a moisture content 


of probably not less than 30 pet, but to avoid im- 
proper heat Dalance conditions for a one diamete! 
reduction kiln, the feed should not contain over 15 
to 20 pet moisture. Ores containing an exces ot 
moisture should, therefore, be dried till they con- 


tain about 15 to 20 pct moisture prior to reduction 
The predrier may also serve in mixing a certain 
amount of powdered coal with the ore 

The (3)-tyvpe ore hould be finely ground, and the 
question is whether wet or dry grindir 1 efera- 
‘ In wet thie acqul ‘ cul Trop 
ert requiring thickene area ind la ‘ 
Ite capacity pe unit of ore The filter cake will 
conta finally not i than 46-50 pct motsture 
Even though wet milling ve a fime product 
vhich mat nerease nickel extractior omewhat 
(o)-type ore alre idyv give stactory extrac- 
tior vher ound to 100 mesh product and 
dry i would probably be mo momical 
I ict the case a rotary dmer should be installed 
he 1 of the mill to expel the 25 to 30 pct m« ture 
that mav be expected in tl li oft ore \fte fine 
comminutior 15 to 20 t ould be added 
to the e ore t ve acts Lic ce ed 
te charging to the roti reduction Kiln The de 

ed amount of coal and pyrite can be added to the 
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mill feed. When treating this class of ore, about 
600 kg of moisture has to be evaporated from each 
ton of 1000 kg of dry ore, while about 430 kg of 
moisture would have to be evaporated from types 
(1) and (2), assuming 30 pet moisture is present. 
The real high grade nickel ores, consisting mostly 
of hydrated silicates of nickel of the true green 
garnierite type, probably warrant wet grinding, 
since this class of ore needs to be very finely ground 
prior to reduction to secure high extractions When 
such ore is mined separately, it may be wet ground, 
some pyrite may be added, and it may be added in 
right proportion as a slurry to the ore products of 
types (1), (2) and (3) to give the final mixture 
the right moisture content for the rotary reducing 
kiln. If treated separately, the required amount of 
powdered coal should be added to the filter cake, 
and after predrying this product to about 15 to 20 
pct moisture content it can be fed to the rotary kiln 
Economical considerations in conjunction with 
the amounts of high grade ore available will natur- 
ally determine the flow sheet; obviously, however, 
the larger tonnages of medium or lower grades of 
ore will favor the reduction and treatment of mix- 
tures of different types of ore. A mixture of 10 pet 
high grade garnierite ore ground to a slurry was 
added to mixed ores of types (1) and (2), as mined, 
and this final mixture with the desired moisture 
content was charged to the rotary laboratory kiln 
with great success. If the different types of ore (2) 
and (3) or (1), (2) and (3) are rather mixed in 
the deposits, it will be difficult to make a separa- 


tion. Run of mine ore should be dried and ground 


a auor saturated with C525. 375 & 34 
Ni and COz at 20 


atler eape 
excess of CO, and NA, 


reduction. After dry commuinu- 
on it is always necessary to add 15 to 20 pet 
moisture to the ore to give the feed the desired 
physical properties to prevent flowing in the rotary 
mixtures always 
amount of 


ahead of 


such 
certain 


high extractions 
addition and a 
powdered coal. In case types (1) and (2) ores are 
reduced without preliminary comminution, the re- 
duced ore should be ground with ammonia liquor in 
a ball mill to the desired degree of fineness in ordet 
that a part of the ore will not settle too fast in 
agitators and thickeners. For the same 
mav be necessary also to pulp up properly the soft 
porous small-sized lumps obtained from ground ore 


kiln. For 
ite 


require 


reason it 


The chemical analysis and the physical nature of 


garnierite ores may vary considerably, as will be 


evident from the results in Table XXVIII 
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Table XXVIII. Analysis of Garnierite Ores 


Chemin al analyses Moisture content 
et ot pulp in the state 
ot tinal compression 
room tempera 
Ni te SiGe Mev 


ture, pet Size of sample 

55 434 
a4 454 

mnositior ay, wre 
Composition of 


Liquor saturated with 63 760 
24 Ni and CO» at 70° 
quor atA 669252) 
d after exape/llirig 0686 
excess of COz and NH, 
20} fo the point of mckel 100 


fh 


and 


NH, 


Fig. 5 (Above)—Results from 1 Liter 
Liquor. 
Sy Course of distillation under atmospheric pressure change 
of composition of distillate at fast rate of distillation 
Temperature of condenser 10°C 


Fig. 4 (Left)—Results from i Liter Liquor. 


c Course of distillation under atmospheric pressure change 
of composition of distillate at slow rate of distillyron 
Temperature of condenser 10°C 


The conclusion that may be drawn from these re- 
sults is that ores with increasing MgO content and 
decreasing SiO. content will become more colloidal 
after fine grinding. Above the virgin 
is usually a transition zone consisting of 
that are heavy and dark 
coated 


in nature 
rock there 
green appearing 
brown on a fresh fracture. The 
with thin films of garnierite, hence the green color 
The boulders consist of nickel containing serpentine, 
This 


colloidal 


boulder 
outside is 


usually having moderate to low nickel content 
MgO content is very 
which it can be 


material with high 
following fine wet 
added as a slurry to dry 
latter the desired moisture content 

The Rotary Kiln for Reduction of Oxide Nickel 
Ores: The rotary kiln has found considerable ap- 
plication because of its simplicity, rather low cost 


grinding after 
ground ore to give the 
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gh efficiency. On a commercial basis it has 
been used for reduction of refractory Manganese 
Iver ore n Sumatra with highly satisfactory re- 
ilt Vianganese dioxide ores containing about 19 
pet moisture and 20 pet manganese dioxide were 


reduced at about 750 C. Inte rnal heating and simul- 


taneous reduction were obtained by partial com- 
bustio of producer ga 1.3 tons of moist run ol! 
mine ore ive one ton of 1000 kg of reduced ore 
rt equired 577.000 cal using producer gas of 115 
Btu per cubic foot. The efficiency of the kiln may 


be iiged from the waste gases leaving the kiln, 


1 pet CO. and were 


which normally contained 20-2 


almost free from CO and oxygen. These results are 


encouragit whet considered in connection with 
the commercial application of the rotary kiln for 
the eduction of nickei ore If these ores are pres- 
ent i i finely round tate they hould never be 
charged dry nee then they will flow through the 
Kiin If they are however, wetted W th 15 to 20 
pet moisture oft lumps will be formed and they 
A roll normally through the kiln As has been 
pointed out earher, a aboratory rotary kiln, in- 
ternal heated by partial combustion of city gas, 
ave highly satisfactory result A few calculations 
ay ve a general idea of the dimensions required 
for commercia inits with regard to capacity, ete 
We have to a ime ol ourse the ore composition, 
the « orifie \ 1 of the powdered coal u ed, the 
temperature of the ises leaving the kiln, et¢ 
Partial combustion of low rade high volatile 
‘ from the N.E.L. was investigated experimentally 
I thie it! \ full e Fuller burner was used 
nd the secondary air cut off. Composition of the 
{ med ) Fe O, 28.6 pet, NiO 2.55 pet, com- 
bit ter 14.85 pet, MgO SiO, 54 pet. Tempera- 
the one ! nee In may be divided in three 
t he Zz n which the moisture of the feed 1 
val ed: the preheati one with a neutral at- 
t here out ie the actual ore bed, in which early 
eductior »btained powdered high volatile 
esent in the charge and where most of the 
mi ed wate expelled; the reduction ome in 
hict a it le the ore-bed con ts of re- 
ius obt ed by partial combustion of pow- 
ed 
t t found that uch gase 
ild i pet CO and 13 pet CO on a wate! 
t that the corresponding is temper 
it 
‘ tr vir composition of the coal 
C 70 pet. H 5 pet, N. 0.5 pet, O. 11.5 pet, combined 
t lhe calorific value of the 
‘ ‘ ton (1000 ke) of coal 5,780,000 
\ need 63,000 Kk cal for 
heat t If the irv ore wetted witt 
t int w | leave the kiln a 
vate f off 113.000 kg cal 
‘ t { cor ete combustion 
‘ ‘ thre rhe tir A eave 
eut U ‘ bu 140.000 Ke cal 


K 
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calorific 


total 


of coal 3,940,000 cal or 68 pet of the 
value 
Cal 
1000 kg of ore required for heating to 900°C 363,000 
150 kg of watervapor for heating to 300 C 113,000 


Total 476,000 


1 ton of coal should be sufficient to expel the 
moisture from and reduce 3,940,000 (476,000) 

8.30 (1000 kg air dry ore plus 150 kg water) 
The reduced ore is discharged at 900 C. Pe 1000 
e required if 4 
pet powdered coal is added to the ore, 16 pet we uld 


kg of air dry ore 120 kg coal will t 


be necessary 

It is assumed that in the preheating zone at about 
700°C the remainder of the CO will be completely 
burned by admission of secondary air, which may 
be easily introduced at the required point 

Assuming a 1.5 meter id kiln, the surface of the 
lining will be 4.7 m° per meter kiln length. Gas 
volume produced per 1000 kg of coal computed at 
0 C and 760 mm Hg will be 6500 m 

Per ton of dry ore, there will be used 12 pet 
coal 780 m* gas at 0°C. If 3 tons of dry ore 
should be reduced per hr this would require 2340 m 
gas at 0 C or at 1300°C, 13500 m’, or per sec 3.74 m 

As the cross section will be 1.755 m, the velocity 
of the gas at 1300°C will be 2.12 meters, and at 
700 C, 1.31 meter per sec, and the average velocity 
n the active reduction zone will be 1.72 meters pet 
sec. A gas temperature of 700°C will correspond 
approximatively with an ore bed temperature of 
400 

Assuming that all heat is first transferred from 
the gas to the lining, and that the lining will trans- 
fer this heat to the rolling charge and that in the 


reduction zone the difference between the gas tem- 
perature and the lining will be about 350 C, then 
we will find by applying the formula 0.000028 
(2 V172 350) that 1.48 kg cal per m per 
ec will be transferred from the hot gas to the lin- 
ing. Per hr per m 5.300 kg cal 

The required amount of heat in the reduction zone 

lt 185,000 cal 


for convection losses total 638,000 cal. To take 


555,000 cal plus 15 pet 


up this amount of heat by the lining would require 


638.000 / 5.300 120 m 4.75 25.5 meters kiln 
length. In the first part of the kiln heat is also 
transferred by radiator It would be difficult to 
calculate the actual amount, but it is quite likels 
that the required amount taken up by the lining 
of the kiln in the first 12 meter The remaining CO 
n the gas mixture will have to be burned at a 
temperature of about 700°C in such a way that a 


neutral atmosphere will result. This procedure will 
divide the kiln in two zones, one with a prevailing 
reducing atmosphere, and one with a neutral at- 
n which the ore is preheated to about 


300 C. In the latter, heat transfer by radiation will 


be of no importance The heat available in the 
neutral gas mixture will be transferred to the 
ining of the kiln and from there to the ore bed 
This will require 956,000/8,200 120 m lining sur- 


mete 
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‘ 
\ 
Wit oa S ( ve a irr pet face equivalent to 260 KIT gu! King 
r " conduct _ convection of the available the total length of the kiln 38 meters for treating 
heat in the , 9 f dry ore, charged with 15 parts of water 
, TRO 000 1 140.000 4.640.000 } cal. Loss of te of dry ore Increased diameter of the 
15 pet would leave actuall ble per | | A 
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kiln of 3 meters id and 38 meters length will have 
roughly a capacity of 150 tons of ore on the dry 
basis. It is, however, charged with an additional 
15 pet moisture. A feed traveling normaliy remains 
in the kiln for 90 min. at an inclination of 1:20 
with 1.8 rpm, or at an inclination of 1:15 with 1.35 
rpm, giving entirely satisfactory reduction The 
ore will be discharged as small soft lumps. The 
ore bed in the kiln is very porous having approxi- 
mately a specific gravity of 1.06, as found experi- 
mentally in the laboratory rotary kiln. This would 
give a maximum depth of the ore bed of about 17 
to 18 cm for a 150 tons kiln. In the different zones 
of the one-diameter rotary kiln the heat obtained 
from the hot gases passing through the kiln is very 
nicely in balance with the amounts of heat re- 
quired under the conditions contemplated in each 
of the zones 

It is well known that in cement kilns the feed 
may be charged as a slurry containing about 38-40 
pet moisture; however, it should be remembered 
that the clinker formation requires a temperature 
of about 1500°C and considerably more fuel is re- 
As a result there 
is a large increase of gas volume, greater velocity 
f gases, greater capacity thereof to evaporate the 


quired per unit of dry material 


larger moisture content, and increases in tempera- 
ture of exhaust gases due to the greate! velocity 

It is out of the question therefore, for nickel ores 
to be fed to the kiln as a slurry and reduced at 
900 C, as this would entirely upset the proper con- 
ditions required for the reduction. Any moisture 1n 
excess of 15 or 20 pet should be evaporated in a 
rotary drier ahead of the rotary reduction kiln 

Because of their colloidal 
moisture content of the feed, nickel ores of the sort 
when properly wetted, will cause 
The lining of the kiln should be 
irregular and badly worn out lining 


character and the 


contemplated 
little dusting 
smooth, as ar 
causes increased dusting 

According to calculations made, one ton ol dry 
ore, charged with an additional 15 pet motsture, 
requires 693,700 cal for reduction at 900 C. As the 
weight of reduced ore may be roughly 15 pet less 
than that of dry ore, the amount of heat required 
reduced ore will be 


per ton ot ‘orrespond ngly 
highet 

This calculated figure for nickel ores seems very 
reasonable in comparison with results obtained on 
a commercial basis in Sumatra, where refractory 
manganese dioxide containing silver ores were re- 
duced at a temperature of about 750°C 577,000 
cal were required per ton of reduced ore, obtained 
from 1.3 tons of moist run of mine ore Treatment 
of medium rede nickel ores will involve the 
evaporation oi 000 kg of water per 1000 ke of dry 
solids. as has been pointed out earliet Roughly 
9 pet coal is required to evaporate 450 kg water, 
bringing the total amount of coal required to dry 
and reduce the ore at 900 Cc 


about 25 pet 


on a dry solid basis to 


Countercurrent Leaching and Washing: Becauss 
of its efficiency this process has found many applica- 
tions and it will no doubt be feasible for extraction 


of reduced nickel ores The following calculation 

for medium grade reduced nik kel ore how the 

possible effectiveness of such a treatment 
Assuming the following condition and value 


Nickel content of reduced ore 4.4 pet tron which 
4 pet will be extracted, using a leach liquot contain- 
ing 7 pet NH, and 5 to 7 pet CO,. A circuit consist- 
ing of three groups of agitators with connecting 
thickeners (A, B and C), and a washing circuit 
consisting of three thickeners X, Y and Z with an 
Oliver filter at the end of the circuit (fig 9) is 
assumed. The Ist group of agitators will dissolve 
80 pet of the nickel values. The 2nd group of 
agitators will dissolve 10 pct of the nickel values 
The 3rd group of agitators will dissolve 2'2 pet of 
the nickel values 

The tailing from the Oliver filter will contain 0.7 
each ton of dry solids 
vill contain 2 pet Ni; 


ton of solution for 

The pregnant liquor 
for each ton of ore treated 2 tons of pregnant liquor 
will be withdrawn from the circuit to be distilled 
The strong fresh distillate will contain 20 pet NH,, 
and 0.7 ton of strong fresh liquor will be added to 
the 3rd group of agitators to make up for the 
amount withdrawn as pregnant liquor. The pulp 
will leave the thickeners in a ratio 1:1, whereas the 
agitated in a ratio 1:4. For the sake 
accepted 


hence 


ore will be 
of convenience and simplicity, it may be 
that all values will be returned by the Oliver filter, 
as 2 tons of washwater may be used for each ton 
of drv solids in the tailing. With a displacement 
factor of 90 pct, 99 pet will be returned, and with 
a factor of 80 pct, 96 pet. On the basis that all 
values are returned, the following simplified equa- 
tion can be made 


B A 3 ( (1/5 A) 
4C B , (1/20 A) 
33 X ( 
4¢ B ( 1/20 A B 1/2A 
26 
iB \ B 1/20 A 1/5 A B \ 
60 
26 4 
or B : 2 pet Ni pet N 
Hu ol 
6 pct N 0.1 pet Ni pet Ni 
( ne pet Ni: 3— about 0.3 pet Ni 
Z . 
2.3 (2.3) (2.3) 12.167 


about 1/12C 
or 1/12 0.3 pet Ni 
7 pet NH 


0.025 pet Ni 
0.58 pet or about 
0.6 pet NH 
These are the values in 
leaving the thickener Z 
Next comes the reduction of the 


solution in the pulp 


values by the 


Oliver-filte 

On the basis of 90 pct displacement we may ex- 
pect the fo lowing losse per ton ol dry tailing 
Nickel loss 0.00025 07 1.75 @ Ni per ton of 
dry tailing 
NH, loss 0.0058 07 40 ¢ NH, per ton of dry 
tailin 
On the basis of 80 pet displacement these figure 
will be respectively for nickel 7 g per ton dry 


tailing and for NH,, 160 g per ton of dry tailing and 
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on the ba of 70 pet displacement the losses will be 
15.75 2 Ni and 360 g NH 

The amount of nickel in the liquor of the pulp 
leaving thickener C, the lowest value of the circuit, 
was found by calculation to be 0.025 pet with a 
corresponding NH, value of 0.6 pet Under these 


conditions the dissolved nickel values are far trom 


the hydrolysis point, as is evident from the experi- 
mental results given for hydroly There need be 
also little concern for hyd oly for the d splace - 
ment of the remaining nickel values in the Oliver- 
filter cake 


In treating nickel ore with 3 pet soluble nickel 
and distill pregnant liquors containing 1.5 pet 
Ni. almost corresponding conditions may be ex- 


pected. Th also hold for 2 pet soluble nickel 


pregnant lique of 1 pet nickel. Generally speak- 
ink a far as tailing is concerned the loss« of dis- 
olved mickel value will be negligible and those of 
NH, very reasonable. From the pregnant liquors 
containing 7 pet NH, fresh distillate may be ob- 
tained with approximately 14 to 20 pet NH, value 
depend upor the conditior of distillation 
Should the fresh distillate contain about 14 pet NH,, 
then in the i group of agitator 1 ton of 14 pet 
NH. should be added to make up for the amount 
vithdrawn by 2 tons of pregnant liquor of @¢ pet 


NH In th case the amount of washwater will be 


educed tror l tor since Ut! amount Is 
t ifficrent to ash out the Oliver-filter cake, 1 
ha ttle effect or the outcome u pointed out 
eu ‘ lr} meat hat the operatior ery flexi- 
ble and change nthe NH treneth of the distillate 
ma ‘ ‘ ‘ ected | prope control A 
‘ curbonate precipitated by distilla 
tion. carbon dioxide will be withdrawn from the 
cuit ind an equivalent amount should be added 
to the fresh dust te by 1 ng CO. through the 
i Counte cu ent eaching ha i ght di 
uivantage nicke n that the pregnant 
‘ ta 1 comparatively large amount 
| I veve be corrected by aerating 
he t i paratiu the prec pitated 
ny fiitration or t fistillation 
‘ ‘ the otne har 1 favo 

t ‘ ow on content vhict 
W he wt jue have 
! \ ult ‘ il i 
lisadvantage If the 

i ire nited to pet 
7 pet NH the 

‘ ent i count 
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Under certain conditions, for instance, (NH,) 
CO, . MgeCO, . 4aq may crystallize out when cooling 
pregnant liquors saturated with magnesia If such 
a compound is present in the tailing, it is evident 
that some NH, is lost in a nonsoluble form. The 
presence of ferric hydroxide in the tailing may also 
cause losses of adsorbed NH,. To investigate the 
magnitude of these combined losses, a sample of 
laterite was leached in a ratio 1:3 with a solution 
containing 3.78 pet NH, and 3.00 pet CO.. For some 
weeks the sample remained in a closed flask at 
room temperature. The washed tailing was then 
treated with NaOH and by distillation it was found 
that the losses of NH, amounted to 0.65 kg per ton 
of dry ore. This does not mean that under com- 
mercial conditions losses of NH, from this source 
will be of the same magnitude, for (NH,).CO 
MgO 4 aq crystallizes very slowly out from 
supersaturated — liquors Under countercurrent 
washing conditions probably NH, losses of this na- 
ture will be of little importance, if they occur at all 

From the preceding data one may conclude that 
there will not be much variation in flowsheets for 
the ore contemplated It may be expected that the 
values of the pregnant liquors may vary between 
1 and 2 pet (Ni Co). The NH, content will be 
somewhere near 6-7 pet with a corresponding CO 
content of 5 to 6 pet. The ratio of solids to iquor in 
the pulp may vary between 1 to 3 and 1 to 6 ac- 
cording to the metal value of the ore. More or less 
heat will be generated while the reduced ore is 
dissolved depending upon the amount of alloy, with 
a resulting rise in pulp temperature. Increased 
temperature causes a better settling of the pulp, but 
the settling rate will remain low for most of the 
ore pulps to be treated. To a certain extent im- 
provement may be made by adding small amounts 
of an ammoniacal starch solution, even so the 
thickens urface required per unit of ore will be 
rather great. If a general figure could be given, it 
would be probably about 5 to 6 sq ft thickener area 
per 24 hr per 1000 kg of dry solids. On the othe 
hand the large amount of washwater available 
when treating medium grade nickel ores limits the 
number of washing thickeners required. Dissolv- 
ing of metals proceeds rather fast, e.g. from 4 to 8 
hr agitation will give good yields. Strong agitation 
and adequate air supply are essential. The agitator 
capacity required will be reasonable as will be the 
NH, losses in the waste au 

Evervthing taken into consideration, the ammonia 
leaching process properly controlled is promising 
and flexible and permits daily fluctuations of the 


rade of ore to be treated 
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This article describes several 
chemical methods for separating 
nickel and cobalt as obtained by 
ammonia leaching. 

An electrolytic method for 
separating alloys of the two 
metals is also described. 


HE most outstanding property of ammonia 
liquors, used in the ammonia leaching process 
is their very limited ability to dissolve all com- 
pounds present in reduced ore except nickel and 
cobalt. Although they do have such a high degree 
of purity, even the smallest amounts of impurities 
contaminate the precipitate of basic nickel carbon- 
ate that may be obtained from pregnant liquors by 
straight distillation. Figures have been given in a 
separate paper regarding the extent of such contam- 
ination. The product of straight distillation is likely 
to contain small amounts of Fe, Mn, MgO and SiO 
us well as some sulphate and sulphide 
The sulphur can be readily eliminated by calcina- 
tion of the product at the proper temperature and 
MeO and SiO. by reduction and melting of the metal 
with a suitable flux. After such treatment the metal 
is relatively pure, and the iron and manganese con- 
tent will be very small. The cobalt content, howeve1 
may vary considerably, depending upon the ore 
treated. The metal obtained from pure true garni- 
e ores usually has only a small cobalt content of 
Metal obtained from medium grade 
from 2 


s than 1 pet 
iron-rich nickel ores may show cobalt value 
to 3 pet, and the alloy obtained from laterite is likely 
to contain as much as 10 pet cobalt. By proper treat- 
ment a good deal of cobalt mav be recovered from 
lateritic nickeliferous iron ores, and cobalt will be- 
come the major constituent of the pregnant liquor if 
similar products are treated The 


nickel ores May 


asbolan 
pregnant liqu of “run of mine” 
have a pinkish shade, indicating the presence of co- 
balt. It is evident that from such liquors the metal 
CARON AIME Professor of Meta 
Univ lft, Holland: and Metallurgical 
ton Co 

k Meeting Feb. 1950 

D. Discu on (2 copies) may 
sactions AIME before Apr. 1, 1950, and 
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20, 1949 


Separation of 


Nickel and Cobalt 


by M. H. Caron 


Even if cobalt ts 
present in only very small amounts, it would prob- 
justifiable to recover both 


should be recovered separately 


ably be economically 
metals as pure as possible if a suitable process could 
be devised. The author has made investigations 
along this line and has patented some processes 
adapted to the treatment of this type of solutions. 


Selective Dissolution of Nickel from Basie Nickel 
Carbonate Containing Some Cobalt: Basic nickel 
carbonate obtained from true garnierite ores by 
straight distillation of the pregnant liquors, always 
contains some cobalt as well as the normal impuri- 
ties. In order to improve the quality of the nickel 
product and to recover most of the cobalt, the fol- 
lowing process has been devised. By using liquors 
with a low CO. to NH, ratio, nickel can be redis- 
solved preferentially to cobalt It is not a sharp and 
clean separation but a selective one, for the bulk of 
the nickel may be redissolved with a small amount 
of cobalt. and a small residue may hold the bulk of 
the cobalt. The greatly increased cobalt content of 
the residue is indicated by a pronounced olive green 
in contrast with the light green color of pure 
basic nickel carbonate. The following example 1s 

ven from Dutch patent No. 52788, Klasse 40a. 43 

anted June 17, 1942: The original precipitate 
contained about 0.55 pet cobalt calculated on total 
nickel cobalt. Eight hundred and fifty grams of 
the basic nickel carbonate were redissolved in leach 

quor containing 7.12 pet NH, and 2.12 pet CO 
The weight of the dry residue was about 3.5 pct of 
! riginal weight. By analysis it was found that 
idue contained: Fe 1.93 pet, Co 6.01 pet, Ni 

pet and also a certain amount of silica, The 
liquor was distilled and the pre- 


color 


red blue 
ipitate of basic nickel carbonate from this analyzed 
Co 0.0146 pet, Ni 42.37 pet 
considerably 


0.008 pet 
It is obvious that this product Is 
pure, since calculation show that about 94 
the original cobalt remained in the residue 

further 


more 
pet of 


Cobalt and nickel can be recovered by 
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treatment of the residue. One unfavorable result 
of th mple proce that the residue is rathe! 
my and filte very badly in contrast with the 
original product. Th is no doubt partially due to 
the ca content, which, although small in the 
ba nicke carbonate originally, accumulated in 

the residue 


Selective Precipitation of Basie Nickel Carbonate 
from Pregnant Liquors by Interrupted Distillation: 


To avoid the Itration difficeulti of the slimy res- 
it obta.ned by elective dissolution anothet 
proce not avin tr inconvenience ha been de- 
d and patented (Dutch patent No 
anted May 16, 1942, and U.S.A. patent No. 2,290 
| te Ju 942.) 
The ‘ollowing exar ‘ ven 
Starti nt ‘ ition 
m pet tto (N ( 
ti t i ‘ ble to precipitate 
t the | f the nickel with very little cobalt, 
ther irthe distillation ot the clea hiitrate 
theres he bu of the cobalt was collected in a 
elativels mi nal precipitat Both products 
te excellent k t Va pointed out that 
ost the ! magnesia and ilica 
mil le CoO iu the fl t tage ot 
dist tion hereas most of the ilphur will be 
precipitated tow is the end of distillation. It is 
I ‘ theretore that the bulk of the nickel pre- 
tated t collect the greater part of the im- 
tie nd that the cobalt-rich final product hold 
tive few impuriti but considerably more 
hu The f owl esults are quoted from the 
USA ent elitere and cobaltiferou 
t mmonium carbonate wa 
tec tune t tior na the fou 
pre { nm vere isolated, the result be 
+} ru co 
( tate nad thesc 
t theres lowe! 
t} ‘ ‘ t ‘ Phe ! int of Co 
t t pet of (N 
\ t ‘ i at lows ten 
‘ been found tt 
t ‘ t ite thus ot 
‘ ti } the 
t it te it 
col ‘ \ NH he" ONDE ed 
cedure. the eate 
ed mewhat 
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lower temperature, hence the better result. Both 
processes, selective dissolving and selective pre- 
cipitation of basic nickel carbonate, may under cer- 
tau 


concentration of cobalt is concerned The final 


conditions give similar results as far as the 


nickel product of the first process, however, will 
contain fewer impurities than the product obtained 
by selective precipitation. The latter process, on the 
other hand, is more simple and economical and ex- 
cellent filtering products will be obtained from it 


Precipitation of Basie Nickel Carbonate of High 
Purity from Pregnant Liquors. General Aspects: 
Although the results so far obtained by the processes 


discussed, were rather satisfactory from the point 
of view of cobalt concentration in a small residue, 
yet they have not given full satisfaction with regard 
to the elimination of impurities from the main prod- 
uct. Sulphur, for instance, should be eliminated 
from the improved nickel product by calcination at 
high temperature, and even though this operation 
may not be considered a problem, it will be an eco- 
nomical improvement if it can be avoided. The 


author has devised a process for the almost complet 


elimination of all impurities, including sulphur, 
from the main nickel product This proce consist 
of one single and simple treatment. (See Dutch 


patent No. 55376 40a.43, granted Sept. 16, 1943, and 
French patent No. 931,765, granted Aug. 2, 1946.) 
Earlier evidence was given that it is the CO. con- 
tent of the leach liquor that is mainly responsible 
for holding impuritic uch as Fe, Mn and silica in 


olution. These impurities will be precipitated dur- 


ng the course of distillatewon while the CO. is being 
expelled from the solution. It has also been pointed 
out that ammonium carbonate solutions having a 
itio NH, to CO. as 1 to 2.2 have but a limited solu- 
bility for nickel. The CO. content of solutions may 
be increased materiaily by aturation of the olu- 
tion with gaseous CO. at room temperature. Unde 
ich condition olutions may be obtained whict 
hold three times as much CO. as NH, and such 
olutions are indeed very poo olvents for nickel 
On the other hand if the ratio NH,:CO. is 1:1, they 
are ood ent for nicke anda Car noid man 
mum amount of nickel in solution. Such liquor 
aturated with nickel may be easily obtained by 
I tial distillation of pregnant wu onl to the 
point when nickel beg to precipitate. After cool- 
to oor tempe iturs ich olutior can be 
iturated by the bulk of nickel 
to precipitate from the supersaturated liquor. Unde 
ich conditior however, the solubility of the puc 
te Fe Mn, SiO. and MgO does not diminish and 
\ even increase Hence t obviou that the 
mpurit MA remain itn solution while basic nickel 
bonate precipitated, which also holds true for 
the ily te present the hquor These funda- 
mental factors will give the product the high purity 
te ed. Last, but not least, the primary aim of 
ee} the cobalt in solution nearly fulfilled, fo 


very little cobalt will come down w 


nicke carbonate separation of nicks from cobalt 
thus more effective vith the ow temperatur 
ar tatior proce than witl the two processe 
eviousiv mentioned (Table I) 
To umount of Ni precipitated from lique 9.3 
pet The percent cobalt, (pet Co in N Co) a 
esent in the precipitate 0.125 pet o 40 of the 
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of impurities and how small the tendency 


As most of the nickel precipitates from the 
t} 


can be repeated. (Table IT). 


Ni precipitated: The lower the temperature 


(Table III) 


saturation with CO 


Table I. Results 


Nt /iquor 
Closed 


original ratio as present in the pregnant liquor 
result gives a fair idea of the effective elimination 


cobalt to contaminate the nickel precipitate 
process opens the possibility for double treatment. 
liquor, 
here Is an excess of NH, in the filtrate that can 


expelied again by partial distillation, and the cycle 


Relationship Between the Amount of CO 
sorbed by the Pregnant Liquor and the Amount of 
of the 


liquor, the more CO. that can be taken up and the 
larger the precipitate of basic nickel carbonate 


increase in nickel precipitated can be gained 
dilution of the nickel-saturated liquor prior 


A pregnant liquor containing not less than 
nickel was saturated at room temperature with CO 


cooled 


Ag? 


This 


is for 


The 


Ab- 


It is also interesting to note that a considerable 
by 
to 


be 


3 pet 


; 

r Ni free | 


I—Flow Sheet 
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The fall of basic nickel carbonate was very bulky 
and 62.4 pet of the nickel was precipitated. The 
filtrate was diluted with water to twice the volume, 
whereupon it could take up a good deal of CO. again. 
The total effect was that 89 pet of the nickel was 
precipitated, a material increase making a double 


treatment superfluous. It should be realized that 


Table I. Example 


Table IT Example 


Filtrate biltrate 
sitter satura atter 


satura 


tion with 
CO) at 20°C at 


in this case twice as much solution should be dis- 
tilled to recover the remaining Ni (and Co) from 
the mother liquor. It is advisable to expel with wet 


live steam the excess NH, and CO. from the preg- 
nant liquor, thus increasing naturally the volume 
of the lquor. A single treatment makes a much 


| Approx oF wd CO» 


| presentin saturated Nu Jigen 

bo nq femperature 

CO, recovery junder atmospherk 


from flue | pressure 
gases by the >| 


Naa 
= 0.5 y 
13) = cooled 
Me Nig: vor ' - 
lh 
Closed 
14 filter press { CO, 
of Ca(OH) a 
basic-nicke! 16 
carbonate 
with sma// 
COcontent 
—Pressure air 17 ‘ree trom NH 
arnourrt 
CO rich precipitate 


Of basic-nicke!-carbonate 


ntermediate vehi 


Precipitate 
Pot Pot Pot Po Pot Co in Pot Co in 
Nit co Ni Ce Ni Co Ni Co 
Pres i 
\na pregnant Analysis filtrate Analysis 5 12 6 89 
liquor saturated stter CO washed and dried 
with niche saturation on basic -niche 
original volume carbonate fo 
Po Pot Pot 
a 
> 
COs 
js 
4 ‘ fith 
bef 
i 
ammnoniacal 
Dreanan*t 
Ni 
containing 
me 
> >, 
Fite 
~ 
Pressure air i 
IE 3 
recipitate |= 
‘ ve pure ba wekel-carbonate and a small «materially enriched with balt 


flowsheet and should be 
whenever possible 
As has outlined 


liquor with H_O to twice its volume, 


simplet given preference 
dilution of the 
will materially 
increase the amount of nickel that can be precipi- 
tated by CO, saturation of the liquor. This increase, 
however, does not continue to any extent by further 
dilution. This wa experiment. A 
liquor saturated at boiling temperature with nickel, 
as indicated by a visible turbidity and cooled there- 
contained 2.8529 pct Ni 


been above, a 


borne out by 


after to room temperature 
and 4.35 pet NH 
The saturation with CO, at 


was affected in a closed 


room temperature, 
under a constant 
pressure of 780 mm Hg. Under these conditions, the 
NH, content of the liquor remained unchanged dur- 
ing the saturation, and the tempe 


aditato! 


rature of the liquor 


was measured immediately after saturation 


Fig. 2—Circuit of Cells 


ticed in t} Hilts 


The Significance of Very Pure Basic 
bonate: The proc: i cribed has mat 


Nickel Car- 
nv advan- 


very 
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will give 
volumes 


that it 
small gas 


heating has some advantage in 
little dusting, 
passing through the cylinder. A more dense metal 
sponge can also be obtained in a kiln in- 
ternally heated by partial combustion of sulphur 
free gas, and it would be an easy matter to produce 
Ni-sponge at 900°C or 1000 °C. Cyclones will, of 
course, be required because of the greater dusting 


because of the 


rotary 


The sponge obtained at 700 C is still very light but 


“rondelles”; the sponge 
If the 
nickel 


must be 


can be easily compressed to 
produced at 1000 C 
used in the 


is somewhat more Gense 
nickel is to be production of 


plate, or in the normal dense form, it 
Because of the 
it should be 


treatment Is apt to 


melted high purity of the sponge, 


additional 
into the 


borne in mind that every 


introduce impurities 


metal 


Anode */0%Co Mt anode 
‘ 


Nature of the Basie Nickel Carbonate as Ob- 
tained by Saturation of Solutions at 20°C with CO. 
Analysis of Product Air-dried at Room Tempera- 
ture: Analysis: Ni 35.36 pet, H.O 33.78 pet, CO, 28.94 
pet. By calculation it was found that 
combined with 

4 Hence the 
chemical 


$975 mol CO. or more 


product probably hi 


structure 


OH 


CO, 


188 


4 : 
Crrecurt 
Anode +75% Co Anodes t25%Co 
‘ 
Fresh incoming cobalt rich 
electrolyte Discharae of 
1 | Ano-* ‘atho| A | ye | Cc 
| 
Pur | 4iloy cathoaic deposit 
ee From cell I the analyte flows to the catholyte of ce/! i 
From ce// IT 
etc | 
| ied a As high a bably dow? 
tensity amp/amé amp/ami possible idm 
Vecreasina density 
4 Wecreasing 
Cathod halt Decreasing amour? hom | cobal? | Low cohal? 
deposit containing onteinina 
a Parts of the origi que were also diluted with 
cree two at a thie ime th wate I 
| ; Thus the ¢ esponding values of nickel and NH, of 
‘ those ample We respectively IW2, 1 and 1/4 
in. Tb “sy of that of the na imple (Table IV) 
Unade vacuun trv precipitate of basi nickel 
: carbonate filtered excellently No cracks were no- 
tae n produ cel oxide nickel of a 
high degre« fy t compared with other Ni 
proce ‘ 
\ my at i it oOo ¢ pive HlacK Ni 
or ! ne voluminous product CO, -} l5aq 
quite different f ! the heavv dense een product Ni 
htsained | nation at 1000-1200 C. It CO, 
: juestionable if the | k oxide can find a market Ni 
but if it car thor ‘ imple All that co, 
: hould be P ed t teel « nck eX Ni 
4 ternal heated t taneou the CO OH 
xpelled rr the bonate To obtan 
pure sponge met nation and reduction 
i ilphur free n be read ccon ed } The mount of HO present in the compound de- 
extert heati t t tee na pend ip the formation tempe iture ¢ the 
oft eat ‘ ti ten It t ter ric i ‘ 


Ratio NiO: 


D 5.9 
t 46 
\ 4.35 
Sa 22°¢ 2.09 
Sa 


It was also found that the CO, content of the 
basic carbonate, precipitated by saturation with CO., 
increased with decrease of temperature of the solu- 
tion. The CO, content of the solution increased at 
the same time. No doubt there is a close relationship 
between the CO, content of the basic nickel car- 
bonate and the CO. content of the solution. The CO 
is loosely bound in compounds obtained at low 
temperature as was observed in a product obtained 


Table IV. Results 


Pot Ni 
precipitated 
trom liquer 


Remaining 
Ni in solu 
Saturated tion computed 


Dilution withCco to original as Ni 

with HO at OC volume carbonate Remarhs 
5 
5 65 as 


BAH 


at 0 C by saturation of the solution with CO.. While 
being washed with hot water it spontaneously lost 
part of its CO, content. The product is voluminous 
but nevertheless it filters very well 

Nature of Cobalt Present in Small Amounts in 
Basic Nickel Carbonate: Some information has 
been obtained from solutions free from nickel and 
impurities, containing only Co, NH, and CO.. By 
distilling such pure cobalt solutions, Co(OH), will 
be precipitated after the excess of NH, and CO. has 
been expelled 

If only part of the Co is precipitated by distilla- 
tion, no precipitate is formed when the dark red 
filtrate is cooled to room temperature and saturated 
with CO.. The high CO. content of the liquor does 
not diminish the solubility of cobalt. Products ob- 
tained by distillation may contain more or less 
Co(QH) There is no indication, however, that 
basic nickel carbonate, formed by CO. saturation of 
the liquor at room temperature, would contain such 
a compound or any other Co compound 

It was observed that cobalt present in such prod- 
ucts will color the washwater, even after repeated 
washings. If the filtrate at last becomes colorless 
a rose-colored filtrate May appear again after the 
addition of hot water. The cobalt content of such 
products depends not only on the amount of wash- 
water used but also upon the temperature of the 
Indications are that physical sorption 
is partially responsible for the cobalt content of 
basic nickel carbonate, since the product only loses 
its cobalt content gradually with prolonged wash- 
ing. The same phenomenon was observed while 


washwate! 


washing products obtained by straight distillation 
For such products there are possibly two cause 
for the presence of cobalt (1) precipitation of 
some Co(OH),: (2) physical sorption by the basi 


nickel carbonate 


It was further proved that nickel products ob- 
tained from vacuum distillation contain somewhat 
less cobalt than products from normal distillation, 
and products obtained by CO. saturation at low 
temperature show the smallest amounts of cobalt. 

The conclusion may therefore be drawn, that the 
nickel products should be thoroughly washed with 
ample hot washwater 

Heat of Neutralization: When carbon dioxide 
combines with dilute ammonia solutions, heat will 
be liberated according to the equation 


H.O 2NH co (NH,) CO 


The result is that for each 4.1 pet CO. taken up by 
the ammonia solution its temperature will rise 10°C 
if the specific heat of the solution is assumed to be 
one. Liquors saturated with about 2 pet nickel may 
rise 15°C or more in temperature by complete 
saturation with CO,, if no heat is lost by conduction 
or other means. It is therefore essential either to 
cool the liquors sufficiently prior to saturation with 
CO,, or during the saturation 


Solubility of Nickel in) Washwater: If basic 
nickel carbonate is washed with hot water on a suc- 
tion filter, the washwater may contain about 0.01 
pet Ni. Agitating basic nickel carbonate with dis- 
tilled water at room-temperature and in the mean- 
time saturating the water with CO. results in the 
appearance of pale green liquor containing about 
0.1 pet Ni. Obviously the solubility of basic nickel 
carbonate in water increases with increasing CO 


10.7 cal 


content 

By adding a small amount of a clear solution of 
Ca(OH). to the washwater, nickel ceases to be solu- 
ble, as is the case when very small amounts of 
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Fig. 3—Flow Sheet. 
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' 
- 
‘ 
4. 4 
a 
{ 
“ 
AY 
separatior vhalt and nickel 


ammonia are added. It is merely a question of flowsheet has been drawn to clarify the required 


bringing the pH of the washwater somewhat above teps. To secure a final complete recovery of all 
7 the values, it Is necessary to add a small amount 
When basic nickel carbonate is washed with wate of Ca(OH). to the still to break up small amounts 


” wet steam, the washwater will contain small of (NH,).SO, that may be present and may hold 
amounts of nickel and cobalt. By adding a small some nickel, cobalt, and ammonia in solution. In 
amount of Ca(OH). nickel will be quantitatively the right upper corner of the flowsheet a straight 
precipitated as the hydroxide almost free from co- line has been plotted, indicating roughly the corre- 


balt, while cobalt may be precipitated by adding ponding NH,-CO, values of solutions in the pres- 
NaS to the clear colored filtrate Losses can be ence of more or less nickel. These solutions are dis- 
thus prevented, but it would be more practical tilled until the first precipitate of basic nickel car- 
mply to return the washwater to the pregnant bonate appears. As has been pointed out earlier, 
olution prior to it aturation with CO., since a the NH, and CO. contents are not exactly equal in 
dilution of the solution is in this case desirable such solutions but for a rough onentation this line 


may serve the purpose 


Distillation of Liquors Saturated with CO: It i 


characteristic that when solutions saturated with Electrolytic Separation Methods 
CO. are distilled, the bulk of CO. will come off in General Features of the Process. The three proc- 
the early tage of distillation before the NH, and esses discussed so far aimed at the recovery of a 


Fig. 4—Sketch of Proposed 
Construction for Cell. 


t the CO mplv 1 ‘ through the con primary nickel product containing very little cobalt 

ler i NH, and CO. are found in about ind the concentration of cobalt in a relatively small 
equ ints in the condensat» and in exactly the amount of secondary product. From this secondary 
le ed tio fe r ! ip fresh leact iquo The product both nickel and cobalt should be recovered 
a ‘ oft tt ‘ n the condensate is almost In a pure tate if possible This problem has been 
te in the case of solutions containing k olved by the author in two different way On the 

CO. than NH electrolytic process, patents have been granted in 
Rew ‘ nickel ¢ nate from the preg- the Netherlands No. 61227, Klasse 40c. 8, May 16 
nt ition thdraw an equivalent amount 1948, and in France No. 936,742, granted Aug. 9, 


features of this process will be dis- 

monia ’ to 1 e up fe the lo Assumil cussed in the following pages, but it first of in- 
that mite a ‘ A be calcined ir t est to refer to an article that appeared in “Trans- 
ch that the CO ‘ t the cor actior of the American Electrochemical Society” 

‘ ered | t ! throug! the Vo LVIII (1930), (see p. 377. and the correspond- 

t ! ‘ ‘ t that except curve on ft The article discusses the 

‘ t the ¢ ) fu electrolivti feposition of nickel and cobalt from 
h t t to be quite acid ilphate and chloride solutions, both metals 
fe ble ! tive nee t ve ve pure occurring a mple ions. Experimentally it wa 


‘ four hat cobalt was deposited in preference to 


both meta in 


29 t } tior t wa rved that pure cobalt 

leposited, and as a result the cobalt content of 

Flowsheet (tig 1) Alth © ope t ! the electrolvte fecreased and nickel began to pre- 
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‘ 
A ECTION 
Gi, | 4 +? i 
ge TP ating 4 
| 
te 
H 
| 
} 
| 
| 
eet ‘ le \s the ratio Co:Ni dropped to 3:97, an 
‘ ed t t ifficient nceentratior f balt plated on the cathode containing bot! 
4 the t be ‘ t metal equi proportior Using an allo con- 


taining 50 pet each of nickel and cobalt as anode, 
1 an equilibrium will be estab- 
lis hed when the ratio Co to Ni in the electrolyte is 

97. From that moment the alloy dissolved at the 
anode will be simply cathode, 
assuming that the current efficiencies for anode and 
are the same 

Under white electroplating 
allv takes place 

An analysis of the electrolyte, 
veal a much lower Ce 
anode. It is 
of nickel and cobalt by electrolysis is not easy 

Characteristics of the method devised by the 
summarized as follows 
ammoniacal electrolytes free 


in a closed circuit 


transferred to the 


cathode 


conditions this actu- 


however, would re- 
Ni ratio than present in the 
generally accepted that the 


separation 


or may be 
l. The use of 


mpurities 


from 


2. The use of soluble anodes of 


Co-Ni alloys 
of electroiytes of compositions that will 


The use 


how the strongest possible tendency of cobalt to 
be plated free from nickel 
2 +. The adoption of an open circuit, passing the 


electrolyte through a number of cells in series, pro- 


ducing continuously pure cathodic cobalt in the 
upper part of the circuit, and discharging a cobalt- 
free high nickel electrolyte at the lower end of the 
i 


circulation of the catholyte 


along the cathode, and keeping the anolyte sepa- 
rated from the catholyte, e.g. by a canvas dia- 
phragm 

6. Usir closed cell 


The proce is further characterized bv a great 


difference in cathode and anode current efficiency, 
which in conjunction with the tendency to form 
insoluble basic cobalt nickel compounds with highly 
nereased cobalt content at the anode, has greatly 
helped to solve the problem. The basic compounds 
with a high cobalt content can be dissolved readily 


Fig. 5—Flow Sheet 
tor Celebes Reduced 
Nickel Ore. 


\ tion 
Hah 
Ve torr 


be returned as electrolyte to enrich the 


cobalt content of the 


electrolyte in the upper cells, 


is facilitating the deposition of pure cobalt. At 
thre Ve er an almost cobalt-free high nickel 
containing electrolyte is discharged By distilling 
t oO or er the addition of Ca(OH). or NaOH. 
nicke be recovered as hydroxide and ammonia 
\ be returned to the proce The ammonia cir- 
cuit theretore entirely closed. Having now out- 
ed the ! eature necessary to dis- 
rhe more 

Chemistry of the Process: From basic nickel car- 
t te enriched with col t. neutral chloride olu- 
trons may be obtained readily by dissolving an ex- 

( ‘ ct hydroct c acid rh 
I t 4 ceed with tt ito of CO and 
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the evolution of a good deal of heat. In such solu- 
tions both metals will be present in the bivalent 
state. Instead of hydrochloric acid, other acids such 
as sulphuric acid, acetic acid, etc. may be used to 
produce neutral liquors. By adding sufficient am- 
monia to such solutions, soluble complex compounds 
will be formed. There is, however, a difference in 
behavior between nickel and cobalt. Nickel, the 
more noble metal, will remain in the bivalent state, 
whereas cobalt, having a more basic character, will 
be changed readily to the trivalent state in am- 
moniacal liquors that are in contact with the air 
The freshly prepared liquor has a brown color, and 
as It comes in contact with the air the color becomes 
gradually darker, becoming finally a dark red as a 
result of oxidation 

The cobalt is changed to the trivalent state, and 
the solution is clear if sufficient NH,Cl is present 
This oxidation result may be obtained instantane- 
ously by adding hydrogen peroxide 

In the absence of NH,Cl, oxidation of cobalt will 
proceed just the same, but the result will be 
what different, as is evident from the following 
equation 


some- 


HO 1/20 10ONH 2Co(NH,) Cl 


Co(OH).. 


38CoCl 


In the absence of chlorine one third of the cobalt 
vill precipitate as Co(OH),, and will be gradually 
oxidized to the brown colored Co(OH),, while the 
clear filtrate will be dark red colored. In this am- 
moniacal chloride solution cobalt will be present 
as Co(NH,).Cl,. This compound may crystallize out 
if the ammonia content of the solution is insufficient 
or if the concentration of cobalt is too high. 

On adding ammonia to solutions 
CoCL(NH,)Cl will be formed as an intermediate 
compound that will readily change to Co(NH,).C] 
on further addition of ammonia. And if there is 


chloride 


>? Myer /ter 
¥ {7 Was fer 
Solution Sohution ‘ 


ifficient chlorine as free 
the liquor 


HC! or NH.CI present in 
that Co(QH), should 
be formed. In the absence of excess acid is obvi- 
ous that no NH,Cl will be formed, assuming that no 
dissociation of Co(NH,).Cl, takes place. Cobalt is 
thus present in the solution as Co(NH,).Cl, wher 
the simple ammonium salt (NH,Cl) is not present 

As nickel will remain in the bivalent state while 
converted to the ammoniacal cornplex com- 
pound NiCL.6NH, a clear ammoniacal! solution will 
be obtained from a neutral nickel chloride 


there is no reason 


solution 
without the formation of any precipitate when suffi- 
added. The 
obtained 
with cobalt 


tinct classe a 


ammonia has been 


tutions that 


cent ammoniaca!l 
nickel 


tnerefore be 
So ution 


may be from. basic 


carbonate enriched may 


divided into two di con- 


188, JAN. 1950, JOURNAL OF METALS—97 


| 
rho aaitat 
Le J v 077(20% 
> 
47 
fee 
and may 


taining both metals, nickel and cobalt, as ammoni- 
acal complex compounds free from simple ammoni- 
acal salts such as (NH,)Cl, (NH,).SO, etc.; and b 
olutions that do contain a certain amount of simple 
al salt (NH,)Cl, ete. in addition 


ammoniat uch as 


to the complex compounds of nickel and cobalt. The 
last class may be obtained by purposely adding 
imple ammonia salts to the class mentioned under 


(a), or by starting with solutions containing a cer- 


tain amount of free acid 
electric current is 


olution 


Reactions: If an 
ammoniacal 


Cathodic 


passed through an containing 


both metals, cobalt is not at once precipitated, but 
it takes some time before the first deposit is 
formed. Under certain conditions of relatively low 
current density no cobalt will be deposited at all 
if the electrolyte is free from nickel, because cobalt 
will be present in the trivalent state. The first re- 
action at the cathode will be 

(1) Co ‘ Co (a reduction from the tr- 
valent to the bivalent state) 

In contact with the air, oxidation may offset this 


reduction 


(2) Co oxidation by air Co 

Both reactions may be in equilibrium at a certain 
current density. ete and undet uch conditions 
cobalt will not be deposited at the cathode. At 
least this will hold true if we assume that cobalt 
can be plated only from the bivalent state, and there 


The mechanism 
he cathodu eaction a discussed readily ex- 


cathodic current efficiencies ob- 


oO re on for another conception 


il! the very low 


erved experimentally under low current densities 
\ oon as reaction (1) predominates, cobalt is 
plated out 
(4) Co 
but t until a certain current density reached 
\ cathodic current eficrenci to be discussed 
have been calculated on the ba that obalt was 
ited m the bivalent state, implying that theo- 
etic about 1100 mgr Co will be deposited pet 
mp hr It nterest to note that similar 
phenomena have been observed in chromic chloride 
itior ibjected to electrols in which case the 
current must pa through the electrolyte for some 
time be e chromium will be deposited. This may 
have been ¢ ised reaction 
( 
(2) ¢ ( 
lr t ‘ acal comple compound 
cobalt the fo Wt eaction takes place at the 
+) 
Co (NH) HO ‘ Co (NH,) OH 
I ‘ weed without the evolution 
it there i NH or present 
wl ne ve rhe ch 
NH ‘ HO (NH,)JOH H 
Suc eact er t be of ttle nportance 
he elect te rY poi icom 
i ich (NH, )¢ (NH,) et howeve 
eased at 1 mple ammonium con 
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pounds are present, hydrogen evolution at the 


cathode is likely to occur. With the use of electro- 
lytes of correct composition hydrogen pitting on the 
cathode deposit has never been observed 

Assuming that the efficiency of anodic oxidation 
of cobalt will be 100 pet and that no hydrogen will 
be liberated at the cathode, it is evident that the 
most favorable cathodic current efficiency will not 
be more than 2/3 of the theoretical value for the 
sole reason that 1/3 of the current is required for 
the reaction Co e Co 

The current efficiencies for nickel will naturally 
be very high, since nickel remains in the bivalent 
state in the ammoniacal electrolyte. Experimentally 
it was also found that nickel can be plated at low 
current density 

It was observed that the cathodic 
ciency of cobalt is greatly affected by decreasing 
current density, in contrast to that of nickel. The 
difference in behavior of both metals is plainly ex- 
hibited by the figures in Table V 


Table V. 


current effi- 


Difference in Behavior of Metals 


Pure ammoniacal Ni-liquer Ammoniacal cobalt-nichel-liquor 


Dynami Current Ds Current 


poten eth poten densit eth Remarks 
tral crency tial per dm n 
$3 


lonization and Anodic Reactions: The ammoniacal 
complex compounds of nickel and cobalt are only 
slightly 1onized, whereas simple compounds such as 
NH,CI to an electrolyte of composition a will cause 
a drop in dynamic potential, while the cathodic cur- 


rent density will remain the same. This results also 
in a somewhat lower cathodic current efficiency 
On the other hand, it may be stated that the anodic 
dissolution of the metal may vary somewhere be- 


chloride containing 
independent o 


the effect 


105 pet for 
electrolytes, while it is almost 
cathodic current density. What 

of this behavior on the electrolyte, etc.” It is cleat 
that if cobalt is deposited in a pure form free from 
nickel, e.g. at a efficiency of 60 pct, an 
amount of chlorine equivalent to the composition 
Co(NH,).Cl, will available at the 
With a 100 pet anode current efficiency the amount 
of Co and Ni dissolved will be considerably greater 
than the amount of cobalt deposited at the cathode, 
o the chlorine content will be too low to keep up 
for the amount of Ni and Co oxidized at the anode 
in solution as NiCL.6NH, and Co(NH,) Cl... In addi- 
tion we must realize that the OH-ion concentration 
at the anode will be high, the combined effect being 
that basic compounds will be formed at the anode 


tween 102 pct to 


will be 


current 


become anode 


Cl Cl 
(1) Ni Co 
OH OH 
2) Co 2(OH) Co(OH) 
N 2(OH) Ni(OH) 
vou. 188 


| 
| 
} 
4 


The more basic character of cobalt causes it to be 
precipitated in preference to nickel; hence the basic 
compounds formed at the anode will contain a larger 
percentage of cobalt than present in the anode. 

Increase in cathodic current efficiency will cause 
more chlorine to be liberated at the anode thus de- 
pressing the amount of basic compounds formed. 

With the addition of NH,Cl to the electrolyte of 
tvpe a more chlorine ions will be liberated at the 
anode. The result is that NH,Cl will be broken up, 
(NH,)OH will be formed at the cathode, less basic 
compounds will be formed at the anode, more metal 
will enter into solution, and there will be an in- 
creased tendency for hydrogen to be liberated at 
the cathode 


Discussion of Results: Cylindrical anodes (short 
tubes) of Ni-Co alloys were cast for this investiga- 
tion. Cylindrical cathodes were used, rotating at a 
speed of 135 rpm within the anodes. The internal 
diameter of the anodes was 37 mm, with corres- 
ponding cathodes of 20 mm diam and 0.2 dm’ sur- 
face. Cells were of the open type. In only one case 
was it found that the cobalt deposit was visibly 
pitted because of hydrogen bubbles adhering te- 
naciously to the surface. This occurred when 3 pct 
NH,.Cl was added to the electrolyte of composition 
a. This undesirable effect was not noticed with less 
than 2 pet NH,Cl 


Selectivity of the Electrolyte 


Experimentally it was found that the amounts of 
NH, and NH,CI in the ammoniacal liquor have a 
good deal of influence on its properties as an 
electrolyte. The following results show that certain 
requirements must be met to give the electrolyte 
the desired qualities. The anode consisted of 75 pct 
Co and the rest Ni. The electrolyte had the compo- 
sition of type a, and did not contain NH,Cl as a 
simple ammonium compound. (Table VI) 


Table VI. Selectivity of the Electrolyte 


Chloride Electrolyte (1) Co 1.468 pot, Ni 0.488 pot, 5.3 pet 


Cathodu Niin KWH Ratio total 

current Cathode cathode consumed metal con 

Temperature Dynami density current deposit perKe tent to NH 
ot poten amperes eth pet Niot cobalt de content of 
electrolyte tial per dm creme Co) posited electrolyte 

H 
5 
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It is evident from these results, that electrolytes 
with great selectivity should contain a substantial 
excess of ammonia and a certain amount of a simple 
ammonia compound 

Attention was focused upon the deposition of pure 
cobalt in the upper part of the circuit. At the 
lower end the electrolyte has to be discharged as 
a solution containing most of the nickel and almost 
no cobalt 

Electrolyte (3) seems promising for producing 
pure cobalt in the upper cells of the series, and the 
addition of a small amount of NH,Cl] will probably 
improve the quality still further. Electrelyte (4) 
also gave satisfactory results. The amount of NH,C1 
to be added should not be too great as was shown 
by the following results: To an electrolyte of type 
a 1 pet and 3 pet NH,CI were added. (Table VII) 


Table VII. Results 


Cathod: AWE con 


bFlectrolste Ds namic Cathodic current sumption per Tempera 

ot the type ‘ current eth ke ot Co ture ot 
ndded tential density ciencs deposited electrolyte 

NH 5 ‘ 

4 45 ( 


The following experiments were made to get a 
clear picture of the conditions at the lower end of 
the circuit, aiming at the discharge of a cobalt-free 
nickel solution 

The cathodic current density was kept constant 
for all three experiments at 1 2/3 amp per dm 
surface and the temperature was held between 17- 
22 C: composition of anode: Ni 88.27 pet, Co 11 
pet, Fe 0.5 pet, Si 0.23 pet 

Pet Co of (Ni Co) 
Composition of electrolytes 
(1) 6 pet NH, and in addition 2 pet NH,C1 free 
from nickel 
(2) 6 pet NH, and in addition 2 pet NH.CI con- 
taining 1.89 pet nickel 
(3) 6 pet NH, without NH,Cl containing 1.893 pet 
nickel 

A low current density is required since the alloy 
deposited on the cathode contains chiefly nickel 
(Table VIII) 

It was to be expected that electrolyte No. 3, con- 
taining no NH,CI would not only produce the great- 
est amount of basic compounds, but the cobalt 
content thereof was higher than with electrolyte 
No. 1 and 2, both of which contained NH,Cl. The 
low cobalt content of the cathodic deposit of electro- 
Ivte 3 is fully explained by the fact that 30 pet of 
the cobalt is withdrawn from the electrolyte as an 
insoluble basic compound 

Electrolyte No. 2 with 2 pet NH,Cl showed a very 
high selectivity for depositing cobalt first, as the 


about 11.2 pet 


ratio of the Co content of the deposit to the Co con 
tent of the electrolyte proved to be not less than 85 
while with electrolyte No. 3 containing no NHC! 
this ratio was only 30 

The presence of NH,C] in the electrolyte is there 
fore no doubt indispensable. It is also evident fron 


the results that the application of an anode of ine 


nickel in the last cell of the series will cause a con 
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plete removal of remaining cobalt in the electrolyte 


thus a cobalt-free nickel electrolyte can be dis- 


charged at the lower end of the 
The Amount of Basie Chloride Formed at High 


open circuit 


Cathode Current Density at the Anode: The pro- 
duction of pure cobalt at high current density will 
minimize the amount of basic chloride formed at the 


‘asonable 


In 


imultaneously result in a: 


ha 


and will 
current efficiency, a 


anode 
been explained earlier 


order to achieve this it is desirable to use anode 

and electrolytes with a reasonably high cobalt con- 
tent in the upper cells of the series, and it of im- 
portance to know the amount of basic compounds 
that will be formed under such condition The fol- 


IX) 


con- 


ade (Tabk 


an 


lowing experiment was therefore n 


The results were obtained by using anode 


VILL. Results 


Table 


Production ot Basic Chloride at High 


Table EX. 


Current Density 
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Consumption: The electrolyte 


Composition of the Basic Compounds 


Analysis of basic compound 


Pot Co 


The great relative increase in cobalt 


content in the basic compounds is evi- 


dent. The basic compounds adhere 
more or less to the surface of the anode, 
and are porous, not voluminous. Then 
presence on the surface of the anode 
does not seem to effect the anode cur- 


rent efficiency or cause anodic polariza- 


tion 


Ammonium Chloride Consumption 
During Electrolysis: The following 
figures give a fair picture of what may 
be expected by applying different 


cathodic current densities. (Table XI.) 


Operating on a technical scale with a 
cathodic current density of 5-6 amp 
per dm’ surface it is likely that from 1 
to l'ts kg of NH.Cl will be consumed 
per kg of Co deposited. This does not 
mean that the ammonia in NHC! has 
been destroved but only that the chlo- 
rine content thereof has been consumed 
in the formation of cobalt and nickel 
compounds whereas NH, has been set 


ising 
The 
with 


Vv incre: the free ammonia content 


riments have plainly 
of ci 


cathodic curre 


trolvt eX pM 


increase irrent density 


increase of n et 
will be 
the presence of NH,C1 in the electrolyte 


be desit and it ts obvious that 


sumed du should be 


consumed 


to able, 


con ring electrolysis 


contained 


NH.Cl, 5.90 pet total NH, 0.319 pet Ni, 1.538 
pet Ni from (Ni Co) at start 17.18 pct 
le 
ler plant conditions a certain amount of cobalt 
© deposited in the lower cells as an alloy high 
balt that must be returned to the process in 
orm of anodes. Since part of the cobalt will 
have t be deposited twice, we will have to 
ol higher energy consumption of probably 


Physical Condition of the Cobalt 


cobalt ob- 


Deposit: Cobalt 
il electrolytes ir 
t ich high « 


ed tre 


d mat condition 


m ammoniacs 


even a if- 


Pet Ca ot 
Ni Co 
> Pet Co ot in bask 
anode ompounds Pot Ni Pet Color 
‘ as 4” 
Elect blect blectre 
te te Ivte Remark 
4 4 
free 
o 
! 
it roon tu 
not I han 5-6 kwh per kg of pure = 
ot it ‘ et tuted t the 
tained 
i be chil with heal « } t conte 
if it clect vite vit? itv t t may tet 
nickel. (Table X) i smooth 
VOL | 


rent densities as 8 amp per dm’. Nickel, on the 
other hand, gives bright, very hard and flaking de- 
posits even below 1 amp per dm’. This is probably 
due to the absorption of hydrogen by the nickel 
metal. Fortunately it is not necessary to recover 
nickel from the spent electrolyte by electrolysis, as 
the cobalt-free electrolyte must be distilled with 
lime to recover the NH, and nickel will be recov- 
ered simultaneously as hydroxide 

Dark colored cobalt deposits are sometimes ob- 
tained from electrolytes of type a that do not con- 
tain NH.Cl, but by adding 1-2 pet NH,CI the de- 
posits will become bright and light The 
deposits adhere quite well to Pt cathodes at medium 
current Above 8 amp per dm’ current 
density the deposits are likely to hold a small 
amount of nickel. They will become hard, indicat- 
ing internal tension of the metal, and are liable to 
crack 

The physical properties were investigated in the 


colored 


densities 


following manner: 

Platinum foil, 1/10 mm thick, bent into a half- 
cylinder was used as a rotating cathode. The cath- 
ode surface was 0.2 dm’ and the diameter of the half 
cylinder as measured between the opposite edges 
of the cathode was 20 mm at the start of each test 
If there was any tension in the deposited metal, the 
was deformed increasing the distance 
cathode. The amount of 
deformation rapid and reliable evidence of 
tension of the metal deposit. Hydrogen 
the metal is probably the cause of 


half evlinder 
between the edges of the 
Lave 
internal 
absorption by 
internal tension, hardness, and cracks at high cur- 
rent densities, since these were usually accompanied 
by pitting of the deposit. To diminish the tendency 
to hydrogen evolution at the cathode, 0.02 pet NO 
as ammonium nitrate, was added to the electrolyte 
The deposits became very 
internal 


with successful results 
smooth and mat, and no signs of cracks o1 
The surface of the deposit, 
The same beneficial 
obtained by 


tension were observed 
however, became tarnished 
effect probably may 
air or oxygen through the catholyte, but it has not 
investigated because of lack of prope: 

The quality of the deposit is further im- 
trivalent cobalt will oxidize hydro- 


also be passing 
vet been 
equipment 
proved because 
ven that may be set free at the cathode 

The conditions for depositing nickel are quite dif- 
ferent. Nickel will remain in the bivalent state and 
hvdrogen will be set free readily at the cathode even 
The nickel deposits from 
electrolytes are always hard, brittle 
au result of hydrogen absorption by the 


at low current densities 
aummoniacal 
and a 


metal 


Table XI. 


Ammonium Chloride Consumption 
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Table XU. Energy Consumption 


Cathodic 
current Cathodi« Anodik KWH Average 
Ampere density Dynamic current current consump Lemperature 
hour con AMP ve potential eth eth tion per ot electro 
sumed dm volts ciemes ciemey ke of Co Iyte, 
5 6 5 
4 4 4 
The physical condition of the surface of the 


cathode may have influence upon the 
purity of the cobalt deposit, as may be illustrated 
by the experiments. Mat and = glossy 
platinum every other 
identical were used as rotating cathodes for 
experiments, which were carried out under exactly 
the same conditions. The cylinders were rotated at 
135 rpm. The anode consisted of a cast short tube 
containing 25.88 pet Ni, 70.21 pet Co, and 3.91 pet 
Si. (Table XIII) 


Table Results 


also some 
following 
respect 
these 


gauze cvlinders in 


Electrolyte 
Dynami Cathode 
Character poten deposit 
ot Cathode Katto Pot Nb tial Pot Ni teom 
surtace Pot Ni Pet Co total volts Ni + Co) 


result no doubt is due to the 
Pos- 


This remarkable 
difference in surface conditions of the cathode 
sibly a mat surface causes better agitation of the 
liquid directly adjacent to the cathode, thus supply- 
ing more quickly the required Co ions. Although no 
exact figures iven about the current density, 
probably it was high, which would have contributed 
to the great difference in the results observed. At 
any rate found essential to keep the current 
limits, and to move the 
Deposits 


can be ¢ 


it wa 
well within proper 
the cathode surface fast 
such conditions are always smooth 
sical surface condition prob- 


density 
electrolyte along 
obtained under 

and mat, and the phy 
ably leposition of pure cobalt 


Metals Adapted for Sheet Cathodes: It was found 
that cobalt adheres very well on a 
urface but the aluminum 
the open rotary 


favors the 


experimentally 
fresh smooth aluminum 


will be attacked more or less inside 


cathode 
Although 


ment to cause the 


suffi- 


formation of a rose-colored col- 


this corrosion ts not severe, it 1 
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ch « nhed to 
Cathodic at anode Chlorine Dissolved Ni and ¢ Chlorine Equivalent 
current Co de Loss of ite eve ‘ i withdraw sumption 
densits posited a of tr no ba trom tron i per 
pe the cathode anode in ley ited ke of Co de 
dm ne cathode me ne ne ne ne posited in ke 


loidal floculent precipitate in the electrolyte, which 
aluminum hydrate having a rather 
If aluminum is used as cathode, 


prove to be 
high cobalt content 


due precautions should be taken to cover the in- 
active part of the cathode surface with a protective 


It was also found that cobalt adhered well on 18-8 


chromium nickel steel, and will probably do so on 
other stainlk teels. Which metals will serve the 
purpose best difficult to say, but even thin sheets 
of cobalt may be used if desirable 


Containing Other Acid Radicals: 
Ammoniacal sulphate electrolytes that are free from 
Cl-ions will anode passive immediately 
The dynamic potential will rise above 4 volt, oxygen 
ved at the anode, and the alloy will be 
addition of 1 pet 
instance, pas- 


Electrolytes 
make the 


will be evol 
oxidized at it urface 3v the 
NH.C1I to the ilphate electrolyte, for 

vity will disappear at once, and the voltage will 
anode current efficiency will 
such conditions 


become normal. The 
htly above 100 pct under 


e to sl 


and the cathodic current efficiency may be raised 


omewhere near 60 pet under proper operation con- 
ditior The 


Irom nicke also very good 


A disadvantage is that the solubility 


electivity for separation of cobalt 
of complex 


ilphate compounds of Ni and Co is considerably 


‘ than that of complex chloride compounds. The 

meentration of Co and Ni in the electrolyte will 

have to be kept rather low to avoid crystallization 

ich compounds on the walls of the cells 

An ‘ ical acetate electrolyte will not give 

vity, but their selectivity appears to be 

not mod that of the previous electrolytes. This 

olvent therefore not to be preferred Formate 

ite ammoniacal electrolytes were also in- 

est ! Unfe inately formic acid cannot be 

ered a i iivent for basic nickel carbonate, 

the plated metal from ammoniacal citrate 

‘ te contau carbor Probably a certain 

t carbide deposited with the metal 

| ted metal free of carbon were obtained from 

! il electrolyte obtained from acids con- 

1 boxy! (CO OH) groups such as 

cid wetic acid and oxalic acid 

hie mmoniacal electrolyte investigated, 

trv mi ! chio le electrolytes are probably 

« and should be preferred for the up- 

t oce The process may also 

the separation of nickel and cobalt 

contain Co-Ni-Fe and some silicon 

( t ‘ be obtained by dissolving 

n hvdrochlonme acid A great 

‘ objectionable, ince the 

} ecu ed bv the addition of 
immer t ind makes filtration a problem 


Procedure for Making Up the Electrolyte: The 


vot Olive ke of basi nickel carbonate 
‘ cobalt treated with strong 
} I idit it of basi 
‘ thre 1 chile acia i neutral 
! 1 t and CO iv be 
\ ‘ j t the proce rt reactior 
a th the ev n of much heat \ in 
th he ‘ cake W 1 pet moisture 
it) ter ‘ t the t t of reaction of both 
edients w be about 30 C, the temperature of 
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the solution may rise to 70°C. The neutral or only 
slightly acid chloride solution will contain roughly 
16 pet Cl and 13 pct nickel plus cobalt. A certain 
amount of free acid should be added to this neutral 
chloride solution so that the final electrolyte ob- 
tained will contain 1 to 2 pect NH,Cl. To each part 
of this solution should be added 2.5 parts of strong 
NH,OH of about 20 pet NH, content. The chloride 
solution should be added slowly to the well-stirred 
ammonia solution, to both metals com- 
pletely as complex compounds. The rather concen- 


dissolve 


trated solution should be diluted with water to 
seven times the original volume ef the neutral 


chloride solution. The small precipitate of Fe(OH) 
and silica gel that will appear should be filtered off 
The iron-free solution will contain about 2 pct com- 
bined nickel and cobalt, 3.5 pet Cl and about 7 pet 
NH,. No Co(NH,).Cl, nor NiCL.6NHz, will crystallize 
out from the electrolyte if prepared in this way 


Cobalt Enrichment of the Electrolyte Counter- 
currently in the Cells in Series: It is logical to 
dissolve the anodic cobalt-rich basic compounds and 
to move the high cobalt values fresh 
electrolyte in the upper part of the circuit. In so 
doing the electrolyte of the upper cells will be sup- 
plied with the highest Co values and it will be easy 
to produce pure cobalt in that part of the circuit 

Systematically the circuit of the may be 
the diagram, fig. 2 
only as an 
The number of 

If we assume 


upwards as 


cells 
represented by 
This diagram is 
elucidate the suggested application 
cells may vary and so may the details 
that the incoming electrolyte will contain 2 pct 
(Ni+Co), of which 30 pct is cobalt, and that the 
electrolyte while passing through the three upper 
cells will dissolve an amount of cobalt from the 
anodes equivalent to the amount present in the in- 
then in total 12 2 of cobalt 
available per liter electrolyte to be de- 
Accepting that 2/3 will be deposited as 
pure cobalt, then the remainder should be 
the electrolyte in the lower part of the circuit 
Assuming further that for each 8 g of cobalt de- 
12 g of solid NH,CI have to be added to the 
electrolyte to meet the amount consumed, then it 
is obvious that the spent electrolyte will 
about 0.4 pct more total NH, than the 
By adding NH,.C1 as a solution there will 
in the NH, content of the 
through the Such 
flexible operation, for 


given example to 


coming electrolyte, 
would be 
posited 

stripped 


from 
posited 


contain 
incoming 
electrolyte 
be very little change 
electrolvte while passing cells 
an open circuit gives a very 
the amount of intermediary products may vary con- 
without affecting the final outcome 
required 


siderably 

A comprehensive picture of all the steps 
found in the flow-sheet fig. 3, and after the 
previous discussion of the fundamental factors, fur- 
with one exception, 


may be 
ther comment is superfluous, 
viz, step This step aims at a further concentra- 
tion of cobalt. Cobalt may be precipitated from the 

quantitatively as Co(OH). by the 
nickel will be 


solution almost 
addition of lime, but in doing so much 
precipitated simultaneously as hydroxide, and it 

lifficult to get the remaining neutral nickel chloride 
solution free from cobalt A certain concentration 
f the cobalt in the precipitate may, however, be ob- 
tained in this way, but it is far less effective than 
the concentration obtained by the carbon dioxide 


aturation process discussed earlier 
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In the case that the cobalt content of the basic 
nickel carbonate is on the low side, the logical pro- 
cedure would be to redissolve the basic nickel car- 
bonate in ammonium carbonate solution and to re- 
peat the separation of the cobalt from the nickel by 
the carbon dioxide saturation process. In case of 
emergency, (if stills fall out, and the distilling ca- 
pacity be inadequate) step 3 may prove to be useful 
Normally the neutral chloride solution from step 2 
will be treated directly with ammonia. A sketch 
of a closed-type unit cell is given to illustrate 
the case. (Fig. 4.) Anolyte and catholyte are sepa- 
rated by a canvas diaphragm, and the catholyte is 
strongly circulated in a closed secondary circuit, an 
essential condition for producing cobalt free from 
nickel. It will be further noted that the anodes can 
be easily lifted out of the cell in order to remove 
adhering basic compounds, and the product that 
has settled at the bottom of the anode department 
can be transported out of the cell from time to time 
by a screw conveyor. 


The Precipitation of Cobalt from Ammoniacal 
Liquors: Cobalt may be precipitated from ammoni- 
acal solutions by agitating the liquors with freshly 
prepared nickel sulphide 

For an effective treatment an excess of nickel 
sulphide should be added in order that the reaction 
NiS Co(NH,) Ni( NH,), + CoS + NH, 
may proceed sufficiently fast. Next the mixed sul- 
phides may be separated from the liquor by filtra- 
tion. This product needs a further treatment to re- 
cover both metals separately. It is this more com- 
plicated treatment that will make this method less 
attractive than the simpler methods discussed above 

By adding a controlled amount of hydrogen sul- 
phide to the ammoniacal cobalt containing liquor, 
cobalt may be precipitated almost completely, but 
quite some nickel will be precipitated simultane- 
ously in this way and there is no special gain in 
such a treatment. (Table XIV) 


Cobalt Ores: A class of ore occurring in New 


Caledonia may be represented, for instance, by the 
following analysis 
NiO 1.25 pet, CoO 3.00 pet, Mn.O, 18.00 pet, 
Fe.O, 30.00 pet 
CaO 8.00 pet, ALO, 5.00 pet, MgO 1.00 pet, 
Si0. 8.00 pet 
These ores, or ores of a similar type, are well 
adapted for the ammonia leaching process since 
very high extractions of these metals may be ex- 
pected. The pregnant solutions obtained are dark 
red because of their high cobalt content and for 
such solutions the author has devised a very effec- 
tive and simple process to recover pure cobalt. Ap- 


Table XIV. Results 


\ alues atter Values precip: 
HLS treatment tated by HLS 


Values in 
leach liquor 


Ni pot Co pet Ni pet Co pet Ni pet Co pet 


plication for patent has been made in the Nether- 
lands and more information regarding this process 
will be given as soon as the patent has been 
granted. The process also can be applied advan- 
tageously to Co enriched precipitates as obtained 
by the processes discussed earlier. (See fig. 5.) 
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Method for Studying 


METHOD was recently devised to indicate two 
or more successive stages of the migration of 


grain boundaries in aluminum, and to record the 
direction of the migration. This technique was used 
for the study of the various types of boundary 
migration occurring in high purity aluminum 

The method employs alternate annealing and 
electrolytic etching treatments, repeated as many 
times as desired. All successive sets of grain boun- 
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by Philip R. Sperry 


dary positions revealed by the various etches ap- 
pear superimposed on each other. The last etch is 
designed to leave an oxide film on the urface 
which is optically anisotropic. The orientation of 
the oxide film at each point is determined by the 
orientation of the underlying aluminum grain 
When viewed with polarized light using crossed 
nicols and a Biot-Klein quartz plate, grains with 
differing orientations appear in different colors, a 
described by Hone and Pearson. The last boundary 
positions are revealed by these color difference 
The first step of the proce is to obtain a desired 
starting grain size by annealing, for example, if high 
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purity aluminum is used, at 600 °C for 5 min. If cold 
working is desired, it is best accomplished by roll- 
ing or compressing since these methods produce a 
rface which is flat and suitable for electrolytic 


polishing 

The technique employed for electrolytic polishing 
and etching was that of Hone and Pearson, with 
heht modification The electrolyte composition 
ised with a Buehler-Waisman electrolytic polishe: 

was as follow 
pet by volume 
Orthophosphoric acid (85 pet) 53 
Distilled water 26 
Diethylene glycol monoethy! ether 20 

(“Carbitol”) 

Hydrofluoric acid (48 pet) ] 


A high initial potential, approximately 80 v, wa 


required to warm the specimen sufficiently during 
polishing. When polishing starts, the current in- 
tantaneously reaches a high value and then decays 


\ the pecimen becomes warm the current in- 


eust wai When the current densit eache 60 
mp «ar the olt hould be lecreused to 
bout 40 Caution must be Xe ised to prevent 
i t rhe tir t t ! thie ent aden it 1 not hi n 
ene hin or thre pecimer i 
‘ i prevent irthe polishin \ i juan- 
tit ect te 1 Tect i t it ot the batt 

ere ed. The pe hinge time 3 mir 

Etching head with the ime electro- 
Ivte With the pecimer t oom temperature and 
40 v apphed, the ammeter re te 0.1 amp. An 
etehir tirne min w found ifficient for 
the | ‘ lene bed t! ipe Th etchin 
‘ Cu the miu ‘ three 
(1) te AT etTect it ill Do 1 t te a 
ference ite attach ditferent il depend- 
! or rientatior (2) of the face of 
iW ed il! nad { ) the colo etTect nowr 
nm pola ed nt of the oxide film f med ad ul 
etchin It was found that several alternate annea 
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ing and etching treatments can be applied without 
substantially altering the first two effects produced 
by previous etches. The third effect, however. pro- 
duces very confusing results if the oxide film from 
a previous etch is not completely removed before 
the next etch is applied. The film can be removed 
by immersion of the specimen for 1 or 2 min at 
100 C into a solution of 35 mi of ortho, hosphoric 
acid (85 pet) and 20 2 of chromium trioxide per 
liter of aqueou olution 


Following the first etch and the ide removal, an 


annealing treatment ich as 400 C for 1 min i 
ge:ven to produce boundary migratior It is desirable 
to Immerse the specimen in the oxide-removing 
solution before etching to remove the oxide film 


which may have formed during 


specimen Is then etched and examu 
cally using crossed nicols and a Biot-Klein quartz 
plate. Further stages of boundary mi tion may be 
hown by repeating the proce ot ¢ ke eme il 
anneal, and etch. Previous boundary positions will 
appear only as biack lines while the | ndarit 
Fig. 1—Two stages of strain in 
duced boundary migration in high 
purity aluminum. 
The s en wa % 
‘ « 4 « K 
I med d in trie ist nmneal are il marked b 
COLO difference indicat ‘ the « ‘ | iif 
ference of the djacent 

An exan llust the ise t techy Lie 
| hown inf 1. The « of the ind i ! 
ure miuced i i ol 
nnea were ed ite cold are t 
na! bound ed 1 he nal 
tion { ) 
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Reflections on the 


Electrolytic Cells 


Used in the 


by Bruno B. A. Luzzatto 


The electrolytic furnace as used in extraction of aluminum from alumina. Start- 
ing with an analysis of the electrochemical and thermal aspects of the process, 
the necessity of striving for a reduction of heat losses, especially those through 
the upper surface, is emphasized. This can be achieved by the use of improved 
selt-baking electrodes as a substitute not only for the multiple prebaked electrodes, 

but also for the conventional self-baking electrodes now in use. 


Production of Aluminum 


A’ “TMINUM is today the most widely used of the 
nunferrous metals. The technical literature on 


smelting 


the aluminum nevertheless, 
very meager, so that anyone interested in the sub- 
ject cannot rely on more than a couple of dozen 
publications. The patent literature is equally scarce; 
most patents refer to the production of alumina from 
aluminum-bearing ores, while not more than a few 
score significant patents deal with the electrolytic 
is the real core of the 


process 1s, 


reduction of alumina, which 
aluminum smelting industry 

The “reduction phase” is, from a technical and 
a scientific point of view, much more interesting 
than the “alumina phase”, which, in effect, is only 
a combination of such well-known chemical opera- 
tions as dissolving, precipitating, filtering, 
and calcining. The electrolytic reduction of alum- 
ina, on the other hand, has features which do not 
appear in any other metal smelting operation. Some 
of them are of 
even for those not directly engaged in the produc- 
tion of aluminum 


drying, 


great technical and scientific interest 
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Manuscr pt 


The purpose of this paper is to describe in some 
detail the basic facts and developments of the re- 
duction phase of aluminum smelting 


Two Aspects of the Electrolytic Process 


The raw material for the reduction process is 
alumina (ALQO,). Its purity in general runs as high 
as 99.50 pet or more. Small differences in the cherm- 
ical composition generally do not affect the reduction 


process.* Of more importance are the physical prop- 


erties of the alumina, since they affect not only 
its rate of solution in the molten bath but also its 


heat insulating power In the following pages, un- 


less otherwise stated, it is assumed that a standard 
“Bayer” alumina is used 
The reduction which alumina is 


broken down into its components, may be roughly 


process, by 


defined as its electrolysis in molten cryolite. The 
oxygen separates at the anode, and the aluminum 
at the cathode, which forms the bottom of the elec- 
trolytic cell 

The electrolytic cell (or pot) where the process 1 
carried out is a strongly reinforced steel box. The 
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vested by R. Gadeau.' This theory states that 


inside lining of baked carbon blocks 1 connected 
electrolysis is that of Na,O, which is 


by steel bars with the negative pole of a source ol the primary 
de current and acts as the cathode. One or more always present in small amounts In the molten bath 


carbon blocks, prebaked or self-baking, suspended The reaction would be as follows 


over the cathode and connected to the positive pole , . 
of the ource of dc, act as the + Na.O 12 Na 6 O 

é 12 Na 4 Al F 12 Na F 4 Al 
cells are connected in series to a generatol The . ters ; 
verall arrangement of the various parts of the cor 
o all arrangement of th ario arts 0 ie i- 

12 Na F 2 4 Al F 6 NaO 

ventional modern cell does not a ubstantially Na F 
from the one adopted by its inventors Hall (U.S.A., Feed 
S659) and Heroult (France, 1889), as may De seen The primary product of the electrolysis is Na, of 
by the few sketches and pictures showing respec- which the largest portion (80-90 pct) reacts with 
tively a cell installed by Heroult at La Praz, France, Al F. as shown above. A small part vaporizes, rises 
in 1893 (fig. 1), a standard ce ll still being used in through the molten bath, and meets CO. at the 
most French plants in 1947 (fig. 2), and a German anodes, with which it reacts as follows 


cell used since 1926 (fig. 5) However, behind the 
2 Na CO NaO CO 


Only a small amount of gas develops from this re 


apparent simplicity of structure there are many : 
problems, as wt hall see in the following pages action, causing yellow flames (visible only in hot 
pots) This theory will be mentioned again later 


when we discuss the current efficiency ot the pro- 


Electrochemical Aspects 


Fundamental Reaction: The theory of the electrol- 
; Voltage Relationships: The basic equation for 
has not vet been fully developed. The simplest , 
the electrolytic process 1s 
reaction, still currently used as a ba for technical 
and practical considerations assumes that the alum V E IR 
ina, dissolved in an amount ol less than 10 pct in 
molten cryolite | (NaF)AIF,], kept at a tempera- where E decomposition voltage, 1 current and 
ture of around 950° C, is decomposed by the elec- R cell resistance 
ti urrent as follow 
= ‘ — The decomposition voltage mav be calculated theo- 


2ALO 


retically on the basis of assumptions as to tempera- 


ich p juct of the ture, concentration, heat of formation of alumina, 
trol ind the carbon composing the anodes ete. Depending on the assumptions made as to the 
epends upon the prevailing temperature sna other anodic depolarization and other circumstances, the 
Practical experiments have shown that CO theoretical decomposition voltage ranges between 
eidom re esent ‘ than 70 pet of the ase that 0.97 and 1.28 \ 

1 op during the electroly (See below.) More interesting for practical and technical pur- 
r sbove react Imitted! ae sn oversim- pose the decomposition voltage as determined 
plified picture of what happens in the cell, and vari- in operating pots by a method suggested by Edwards 
hypotheses have been proposed as to the r i] and Frarv. This method consists of rapidly chang- 
natu of the electrolytic reaction and I and reading the corresponding values of V, on 
the assumption that these rapid changes do not affect 

culation of E. Edwards and Frary’s value, E 
writer in 12,500 amp and 25,000 amp multiple anode 


decomposition 


AL e recent experiments made in German fac- 
i \ J ‘ 

tori sive a value of E 1.60 0.02 volts as the 
It 1 result of a long series of determinations.” This value 


reported to be independent of current efficiency 


6 © 
and temperature 
The ervolite eithe pi ve iivent, or else it} 
The difference between thi value of 1.60 0.02 
cont let my ed ind eformed : 
volt and the theoretica! decompos tion voltage at 
erthe ‘ te t ( imed in the 
950 C, (1.15 volts) is explained part, as follows 


oct Some ‘ ‘ pet 
the ae het te Incomplete lepolarization, 1.¢ reduced elec- 
thermal decor n, ve mecha trochemical effect of the reaction 6 O  e 
ca , The howeve the whic? CO. which accounts for 0.18 volt 
scribes the crvolit nasee to its dex tion a< 2 Incomplete saturation of the solution of ALO 
cordir to the second tior bove ervolite. which accounts for 0.02 volt 

A new attractive the I ect been su rt leaves a gap of 0.25 volt due to reversible pro- 
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J 
I 6 O Cc CO ne 
x 60 6 C 6 CO 
Y accol ling to the follow ne reactions a . 
12 Na 12 N 12 F 


cesses 


at the anode and cathode not clearly under- 
stood. 


A recent paper (Ferrand) reports various experi- 
ments during which the decomposition voltage was 
found to be only 1.27. The same author, by extra- 
polating the voltages corresponding to various cur- 
rents, arrives at a voltage of 1.75—in striking agree- 
ment with the previously reported experiments 
Accordingly, Ferrand concludes that the decomposi- 
tion voltage to be used in industrial calculations is 
around 1.75 

Knowledge of the practical decomposition volt- 
age is very important because it affects the inter- 
pretation of the heat balance of the aluminum cell, 
and the proportioning of its various parts at the 
planning stage.” 


Faraday’s Law and Current Efficiency: The elec- 
trolysis of molten substances differs considerably 
The in- 
tricacies of this type of electrolysis appear clearly 


rom the electrolysis of aqueous solutions 


when one considers how Faraday’s law applies to it 
According to this law, each ampere-hour sheuld 
separate 0.336 g of aluminum at the cathode; actu- 
ally, only about 80 to 85 pct of the theoretical 
amount is ever obtained. Many aqueous electrolyses 
reach a current efficiency of close to 100 pct 

The reason for this low efficiency is the very 
nature of this electrolysis, and particularly the fact 
that the aluminum which accumulates at the bot- 
tom of the cell has a density only slightly higher 
than the density of the molten bath and a tempera- 
ture some 300° C, above its melting point 

The theory of the electrolysis of molten sub- 
stances shows that losses of the cathodic product 
which account for the low current efficiency of the 


process may be due to one or more of the following 
causes:” (1) Mechanical loss on account of imper- 


metal from the bath 
experiments rather 


fect separation of the This 
cause affects laboratory than 
industrial operations. (2) Losses caused by com- 
bination with the cathode (same remark as above). 
(3) Losses by vaporization (may apply to sodium 
but not to aluminum. The Gadeau theory how- 
ever considers this the most important cause of the 
low current efficiency). (4) Losses by the forma- 
tion of salts of higher valence at the anode and 
their reduction at the cathode. (Apparently not 
relevant for the aluminum electrolysis). (5) Loss 
by the cathodic production of a salt of lower valence 
which diffuses to the anode and is reoxidized. (Same 
remark as (4) though with less certainty) (6) 
Loss by the formation of metal fog. (7) Recombi- 
nation of the anodic and cathodic products, which 
are brought together by stirring and diffusion. This 
may be due to a metal fog or to a solution of the 
metal in the bath 

According to the 
affect the 
extent, while the other causes may contribute to a 
Theory and 


prevailing views, (6) and (7) 
aluminum electrolysis to the greatest 
degree agree that 


le SSC! 


practice 


1. The formation and reoxidation of cathodic metal 
of aluminum’ are more active the higher the 


temperature of the metal and the bath; and the 
efficiency is correspondingly lower. The highest 
efficiency is favored by the lowest possible tem- 
perature of the molten bath consistent with other 
requirements, such as the solubility of alumina in 
it and general workability of the cell. Experience 
shows that even a slight increase of the tempera- 
ture above the maximum causes an abrupt decline 
of current efficiency, so much so that a good pot- 
room superintendent must be able to judge the 
temperature of the bath in the cells by noting the 
color, fluidity, etc., in order to intervene whenever 
the temperature is out of line. Extensive measure- 
ments made in this field in Italian and German 
plants since 1939" have shown that the tempera- 
ture varies between 922 and 990° C, the latter being 
already too high for a good power consumption 
The temperature increases by some 25° from the 
time when alumina is stirred into the molten bath 
until the next anode effect takes place; this 1s 
detrimental to the current efficiency. The shape 
of the temperature curve gives a good hint of how 
the cell is operating and of its characteristics 


2. The rate of reoxidation of the cathodic metal 
fog (or compounds, or whatever it is) is, generally 
speaking, inversely proportional to the 
cathode distance, i.e., that between the carbon anode 
and the molten aluminum. For small cells and low 
amperages (12,000-13,000 amp) using a high cur- 
rent density, this distance may be as small as 3 cm 
but with larger anodes the distance is usually 5 cm 
Self-baking electrodes of large dimen- 
sions require, as we shall see later, an anode-cathode 
distance of 6 to 7 cm 
parameters of any calculations of a new cell, and 
a correct balance must be sought between it and 
the current density, the 
When many electrodes operate in a single cell, as 


anode- 


or more 


This distance is one of the 


type of electrodes, etc 


is usually the case when pre-baked electrodes are 
used, keeping them at an even distance from the 
cathode is one of the principal operational prob- 
lems 


3. The reoxidation is further speeded up by move- 
ments which develop in the bath either as a result 
of electrodynamic phenomena or from local over- 
heating or cooling due to uneven current distribu- 
tion or to local dumping of alumina into the bath 
An energetic agitation of the bath may, neverthe- 
less, be required to dissolve the alumina if it is in- 
troduced by breaking the bath-crust manually or 
mechanically 

If Na is the primary product’ of the electrolysis, 
a very simple explanation of the low current effi- 
ciency is possible. The primary electrolysis of Na,O 
has an efficiency of close to 100 pct, but when 
Na appears in the molten bath, its temperature is 
much above its boiling point. Some of it cannot 
react with Al F,, and it reaches the anodic zone, 
where it reacts with the CO.. With lower current 
density, the concentration of Na decreases, the re- 
action between Na and Al F 
fully, and the current efficiency 
theory does not seem to contradict the preceding 
probably co- 


can take place more 
increases This 


one, since sodium and aluminum fog 
exist in the bath 

Whatever causes a reduced current efficiency also 
general overheat : of the bath 


Causes al ol 
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which in turn unfavorably affects the current effi- 


ciency Although the conductivity of the bath in- 
creases with the temperature thereby counteract- 
ing the effect of the reduced current efficiency, 
there seems to be no automatic equilibrium for a 
furnace which is out of order,” this constitutes one 
of the difficult problems in the pot-room's opera- 
tior 


of a cell oper- 


Anode Effect: The average voltage 


ating under normal condition about 4 to 6 volts 


Fig. 1—Cell by Heroult. 1892. La Praz, France. Source: 
Ferrand, Soc. des Ingenieurs civils. Jan.-Feb. 1935. 


At re i nt va t increase dden to 50 or 
60 ‘ te time the norn l value Thi oc- 
i ree ed the node effect” and occurs In 
the elect r molter iit A complete 
na thie \ t phenomenon has not 
et ‘ i t he ic owl mplified 
explanation tistact from all practical pur- 
r} voltage increase jue to the formation 
fa ve thir er of anodic gas whict irrounds 
the anode vhen the alumi oncentration in the 
bath |} ink te ‘ certain value o that the 
‘ } t ‘ the ce The electric 
( ent ‘ he ! e to the bath by mean 
f ‘ h cause 
the « t icha te t cint tu whict 
tice t it ce th equire me 30 to 
40 volt M ed a heat f the bath 
the re th hye nenor which cause 
volat tior dex ositie rf te. Since it 
vhe tt tent the batt 
v. the phe mer ‘ licate that a me 
charge of mit } 1 be added to the batt 
connected in pal t vith the ee ht ip and 
calls the attentio the ce attendant. Frest 
ilumina t ed int en t the phe 
omenon d pea oltadce et to norma 
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A 
and a new cycle begins. The occurrence of the 


anode effect at regular intervals is a sign of proper 
behavior of the cells, but efforts are constantly made, 
intervals as long as possible or even 
to suppress the anode effect. At present, the length 
of the intervals is from 6 to 8 hr. The alumina con- 
tent of the bath falls from a maximum of 6 to 7 pct 
(rarely 10 pet) to a minimum of about 1.5 pct 


to make these 


Electrolytic Gases: The combination of the anodic 
oxygen with the carbon anodes results in the pro- 
duction of a certain amount of carbon dioxide (CO,) 
and carbon monoxide (CO). There is no more 
agreement on which is the primary gaseous product 
of the electrolysis than there is on the electrolytic 
reaction itself. The writer, in extensive industrial 
experiments (1933), found that generally there is 
about 70 pet CO, in the gases developed by an elec- 
trolytic cell in normal operation. The experiments 
were made with 12,500 amp cells with 10 prebaked 
anodes. During the anode effect, the percentage of 
CO increases considerably, and the proportion is 
actually reversed. The question of the equilibrium 
between CO, CO., and C is a complicated one, since 
not only the temperature but also the concentra- 
tion of the primary gas (CO.) under the anode, and 
the impregnation of the anode with molten cryo- 
lite play important roles. Cadariu’ has recently 
shown that the concentration of CO. declines from 
42 pct to 14 pet if the cell current is reduced from 
95,800 to 13,800 amp. This is explained by the fact 
that CO. has more time to react with C, and tem- 
becomes the determining affecting 
electrolytic gases. A simi- 
Drossbach 


perature factor 
the composition of the 


lar remark was made previously by 


(Ztsch. f. Elektrochemie (1936)) 

If the gases are withdrawn by aspiration, as 
hown by Grunert so that the time of contact 
with the carbon is reduced, the CO. content may 
be as high as 94 pet. According to Gadeau, there is 


no doubt that CO, is the primary product; the pres- 
ence of CO is due to reaction between CO. and the 


Fig. 2—Standard cell used in French plants since 1930. 
Source: Personal files. 


metal fog (especially Na) and to a lesser extent to 
the reaction between CO. and the carbon anode 
Gas analyses made at the plant of the AFC (Alais, 
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Froges et Camargue) show the following composi- 
tion 


The Soderberg anodes operate with a lower cur- 
rent density, are more reactive, and the temperature 
is generally higher 

The fluorine content of the gases is due mostly 
to the volatilization of cryolite at the high tempera- 
ture and to its decomposition during the anode 
effect. The decomposition of the cryolite may be 
due, in part, also to the moisture which 
either in the cryolite itself or in the alumina which 
sometimes is not fully dehydrated and to the mois- 
ture in the air. It is believed that these causes have 
a minor importance compared to the other causes 
of decomposition of the molten bath 

If self-baking electrodes are used, the gases con- 
tain sizeable amounts of tar compounds and soot, 
resulting from the distillation and cracking of the 
coal tar pitch which is the binder of the carbon 
mixture of which the electrodes are made 


is contained 


Thermal Aspect 


Energy Balance: From the technical point of 
view, thermal considerations have the 
portance because they determine the size, the design 
and the operational conditions of the cell. The 


wellknown basic voltage equation, V E I R, is 


greatest im- 


converted into a power equation 
W Vi IE 
1 which 

W is the power required by the cell to operate 

I E is the portion of the total power required for 
the electrolysis itself, i.e., for the decomposition 
of the alumina. (See above.) 

I’ R is the power transformed into heat in the va 
our parts of the cell. It corresponds to 


cell 


where r, are the various resistances in the 


Only | E corresponds to useful work, while the rest 
In fact, if it were possible to eliminate all 
resistances, it would be possible to produce alum- 
inum by applying to the cell the voltage E which 
would cause the current I to pass through 


is loss 


The power efficiency* of an aluminum cell, i.e., the 


percentage of the applied power used for the actual 
electrolysis, is therefore measured by the equation 

IE E 

100 106 

IE + FR V 
This has not changed very 
twenty years. In 1926, a 12,500 amp cell operated 
with a voltage of 6.50. Assuming that E 1.70, 
about 26 pct of the total power absorbed by 
Many cells of thi 


much during the past 


only 
the cell was doing useful work 
type are still in operation 


some of the recent cells voltages of 5.5 or less 
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have been obtained.* The energy efficiency would 
thus reach 35 pet, but it is still very low compared 
with that of the are furnaces used in electrothermic 
processes (carbide, etc.), which is about 60 to 70 pct 

Where the Heat Develops: In a cell operating at 
constant temperature, all the heat generated is dis- 
sipated, but the generation and dissipation do not 
necessarily occur in the same part of the cell. The 


cell is, from the electric* point of view, a series of 


Fig. 3—Cross sec 
tion and details of 
installation of a 
30,000 amp multiple 
prebaked anodes 
cell. German de- 
sign, Lautawerk, 
Germany, 1939. 
Source: German 
documents PB 
70030, Frame 6676. 


euch one having a resistance r,; for each, 
caused by current I is Ir,. For 
following example in- 
implifies the 


resistors, 
,the voltage drop 
simplicity, the 
show 


the sake of 
stead of showing 7 which 
later discussion 

Voltage 
in 1931 on a typical 12,500 amp cell 
shown on fig. 6 (but without covers) 


were made by the writer 
similar to that 
Table I gives 


measurement 


results 


Table I. Voltage Drops, Energy Absorption, and Heat 
Generation in a 12,500 Amp Aluminum Cell 


KW 
meray 
Absorption 


TOTAL 
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The heat 


generated per hour corresponds to 59.78 


is controlled by the usual economic con 


the installation to 


account structural 


g “losses” will be 


kwh, Le., 81.00 less 21.22 
Of the above “losses”, V., which occurs outside of 
the cell, 
siderations, relating the cost of 
the cost er kwh, taking into ; 
circumstances, etc. The remainin 
analyzed 


open cell 


age droy 


difficu 
heat t 
The 


is 
} 
1uS 


perature 


of the type mentioned above (fig 


dissipated from the var 


the he 
cell hi 


Fig. 4—Bottom lining and insulation of a 30,000 amp 


iter has made an exten 


later. The above measurements refer to 
an outmoded cell, but they are 


are relatively easy to 


the determination of how and where the 


generated is dissipated 


been calculated. (Table I 


} 

j 


German cell, 1938, Toging, Germany 


Table 


Heat Dissipation in an 
(12,500 amp) 


documents PB 70030. 


typical of most 
with prebaked electrodes 

Where Heat Is Dissipated: Measurements of volt- 
take. Much more 


sive series of tem 
measurements on several operating cell 


6), from which 


ious parts of the 


1) 


= 
N 


Source: German 


Aluminum Cell 


a different type of cell, reports a loss of 61.5 pct 
Furthermore, Drossbach (op. cit.') indicates 38 pet 
as his appraisal of the dissipation through the up- 
per surface excluding operational losses, while our 
measurements indicate 45.8 pct 

Reduction of Heat Generation: The breakdown 
of the total heat generated in a cell (table I) shows 
that roughly 2/3 of that heat is generated in the 
bath. This heat generation, and the voltage drop 
to which it corresponds and by which it can be 


measured, may be expressed by \ IR., where R 

is the resistance of the electrolyte. If we indicate 
I 

the current density by d . Le., the number of 
a 


amperes per cm’ that flow through an ideal cross 
section a (the average between the anodic and 
cathodic surfaces), the above expression may be 
written as follows 


in which p is the specific resistivity of the molten 
bath and I the anode-cathode distance 
Theoretically, all of the above factors are vari- 
able, but practically, » must be considered constant, 
ince temperature, (which to a considerable extent 
determines the resistivitv” ) cannot be increased for 


the purpose of reducing p 
The anode-cathode distance | may be increased 


but generally not decreased, so that a reduction of 


V generally cannot be achieved by changing it. The 
cells on which the measurements were made gen- 
erallv had ! 3.5 em, verv exactly controlled, and 
a reduction below this limit is not convenient for 


reasor expla ned above (se p 107) 

We are thus left with one factor, d. which can 
be subjected to relatively considerable variation 
The current density d thus becomes the basic char- 
tion of current 


density is the means used for reducing the heat 


acteristic of every cell and a reduc 


Table Ill 


ous cell 


ves the anodic current density of vari- 


Table U1. Anodic Current Density of Cells with Pre- 
baked Electrodes 
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There has been a noticeable tendency toward 
lower current densities, but with prebaked elec- 
trodes, it does not seem advisable to go much below 
1 amp per cm’. There is also an ultimate limit in 
this reduction in open cells, since the heat losses 
are proportional to the size of the cell and especi- 
ally, as we have seen, to its upper surface. This 
is especially true for cells using prebaked electrodes 

The other voltage drops, adding up to 1/3 of the 
total, are less important but some of them are sig- 
nificant. A great deal of work has been done and 
is being done to reduce the voltage drop in the bot- 
tom.” Again and again metallic cathodes have been 
tried and rejected, so that currently prebaked 
pressed carbon blocks are generally used. This 
voltage loss in the bottom cannot be reduced much 
below a minimum of, say 0.25 or 0.30 in cells hav- 
ing a low cathodic current density and a carefully 
constructed carbon lining. As for the external volt- 
age drop in the conductors and in the anodes, it is 
sufficient to state that all of the contacts between 
carbon and metal conductors are a perennial prob- 
lem in the production of aluminum 

The overvoltage and the corresponding genera- 
tion of heat resuiting from the anodic effect have 
attracted much attention since the earliest days of 
aluminum production, due to the necessity of break- 
ing the bath crust, stirring the bath, etc., all of 
which also cause increased heat losses. Several 
aluminum plants have experimented and are ex- 
perimenting on the suppression of the anodic effect, 
and it is likely that a rational solution to this prob- 
lem will eventually be found The mechanical 
“picking” of the aluminum cells, now used in some 
plants, seems to be a transitory device 


Reduction of Heat Dissipation: A reduction otf 
the heat losses through the walls and the bottom is 
easily achieved by adding successive layers of heat 
insulating bricks around and under the carbon lin- 
ing 


However, a serious problem arises when it come 
to insulating the sidewalls: preventing the destruc- 
tion of the carbon lining by the molten bath. For 
this reason it is preferable not to exceed, at the 
inner surface of the carbon lining, a temperature 
some 10° lower than the temperature of the molten 
bath, so that a thin coat of frozen bath protect 
the lining from attack. It is also advisable, in orde 
to avoid short circuits, to maintain a sufficient di 
tance between the anodes and the walls. Then the 
appropriate insulation can be provided on the out- 
side 

The 12,500 amp cell, to which the data of tables 
I and II refer, and most German furnaces built be- 
fore 1939 (fig. 3) were not insulated along the wall 
but the trend in medium cells (fig. 4) has been 
toward more insulation of outer walls 

It is mechanically very easy to insulate the bot- 
toms, and since the early days of the aluminum 
industry most bottoms have been insulated. But 
there is always a certain danger in overinsulating 
since the metal becomes hotter, thus unfavorably 
affecting the current efficiency Leakages of metal 


are likely to occur and the life of the carbon lining 
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may be shortened. Practical applications of these 
concepts are exemplified in fig. 3 and 4 

Fig. 3 is a vertical cross section of a 30,000 amp 
multiple prebaked electrode cell used at Lauta- 
werk, Germany, in 1934. Similar types with a dif- 
ferent electrode arrangement had been installed 
there in 1927.* Cells for 25,000, 30,000, and 40,000 


amp have also been built based on this design 
These cells have no heat insulation along the walls 
and little at the bottom; furthermore, they are in- 
stalled above the ground floor, so that the heat 
losses are increased through ventilation.* Fig. 4 is 


a German version (Téging, Germany, 1938) of a 
type which has found more general acceptance in 
aluminum plants all over the world. It is provided 
with substantial heat insulation along the walls 
and is abundantly insulated at the bottom. It is in- 
stalled in the ground, so that heat losses through 
ventilation are minimized. The French cell shown 
in fig. 2 and the American cell shown in fig. 5 are 
other examples of this type of construction. By in- 
sulating the walls and the bottom of the electrolytic 
cells, the proportion of heat lost through them 
(which was about 25 pct in the small scarcely in- 
sulated 12,500 amp cell tested at Mori) may be re- 
duced to about 15-18 pct. This is a reduction of 1/3 
of the total included under this heading, but only 
about 8-10 pct of the total heat losses 


Reduction of Dissipation Through the Upper Sur- 
face. Experiments With Closed Cells. The losses 
through the upper surface, which account for about 
50 pet of the total losses in the conventional open 
cell, are obviously the kev to the problem of re- 
ducing the energy consumption of the aluminum 
cell This fact, while not overlooked during the 
early phase of the development of the aluminum 
industry, was not given its due importance, and 
the insulation of the upper surface was and still is 
left to the alumina blanket which is spread over the 
frozen bath crust. This heat-insulating function of 
the alumina blanket is a predominant factor in the 
heat balance of the conventional aluminum cell 
with multiple prebaked electrode 


The heat losses are particularly high when the 
alumina tirred into the bath after the anode 
effect n most plants this is still a manual opera 
tion, and too often heat losses occurring during 
these operations, repeated up to six times a day 
are not taken into account when the overall re 
ults of a cell are evaluated 

The protection against heat losses afforded by the 
alumina blanket reduced by the thermal short 
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The M 2.50 » cell, to which the experiments in cables 1 and . 
I purpose of t type of tallat st slow a speedy change A 
> 
i 
<p 
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circuit caused by the electrode (anode) heads pro- 
above the alumina blanket (fig. 2—5). Cov- 
ering the anode heads with alumina probably results 


in a reduction of the 


jecting 


heat loss, but it increases their 
accordingly, thei 


temperature and, burning loss 


To counteract the oxidation, anodes are now often 


Fig. 5——Upper view of a multiple prebaked anodes 
cell in a U. S. plant. Source: Courtesy of the Alu- 
minum Co. of America. 


rrotected by an aluminum casing, which, however 


hardly reduces the heat losses through the electrode 
Poe Tal 
son attempt to enclose aluminum cells were 
made in the early days of the aluminum industry, 
but the ce t ot ipel ! cell operation and 
f not overheating the anodes was why the experi- 
ment rm eached at ndust l scale 
It beleved that the first large-scale use of 
ene ed ct vas made at tt Italian plant at Mori 
n 19 The immediate reason for the experiment 
+a to find mear of counteracting the increased 
‘ consumption due to the use of Haglund 
ilumina (se« bove) by educing the heat loss 
th ith the ‘ irface Several 12,500 amp 
ce whicl vere the tandard equipment of the 
Mori } t. were fitted with light removable hood 
‘ i le ff which the most typical 
The is might have been 
eseetr fid not compensate for the effect of the 
H nd a ! e the vere not air-tight 
A e oft on ind w e not heat nsulated 
i to the list of 
ect ent wrt ifterward the 
fl ‘ cident” had t occurred 
rt tarted when the population of a po farm 
‘ cuted some thre le lownstrean 
fact The mpore ov if the i 
the icte ere dan t the attle and 
tarted ent of dam 
| Ve ! t e medieva all 
the tise ‘ that ert t Ke community 
A ‘ th tt t 1 t tr t \ The Ita i 
Crove rhe tere thre nediate toppage of the 
re ition of the elect t ct int ‘ mea 
ire 1 bee taker te prevent the TISt or ot 
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fluorine compounds in the atmosphere. Two meas- 
upon. One was the installation 
of some enclosed Séderberg electrode cells (see be- 
low); the other was to provide all the existing 
furnaces with hoods similar to those previously 
tested for a different purpose, connected with a 
system of exhaust pipes (fig. 7) through which the 
Zases were conveyed to scrubbing towers 

From the point of view of cell operation, these 
hoods had many disadvantages. Since they were 
not airtight and dispersion of the gases had to be 
avoided as much as possible, the amount of ai: 
sucked from each cell was This pre- 
vented overheating and burning of the anodes but 
reduced to nil the already negligible heat insulat- 
ing effect. The frequent the charging 
of alumina and the ladling of the metal were causes 
for opening the lids, with 
gases when their concentration was at its maximum 
The hooded cells are still operating in Italy at Mori 
and Bolzano in the 12,500 amp and 25,000 amp sizes, 
but this type was not adopted anywhere else since 


ures were decided 


considerable 


nspections, 


resulting dispersion of 


its use in the Italian plant was dictated exclusively 


by the legal imposition to prevent the dispersion 
of flu wide-bearing gases. The recovery of cryolite 
and other fluorine compounds from the scrubbing 


plant is not a paying proposition with this type of 
cell, as the dilution is such as to require enormous 
installations 

In 1934, 


close d 


Ferrand 
which 


Louts (Paris) 


presented 


proposed an en- 


furnace some unusual 


features. Its main purpose, to avoid the heat losses 


through the upper surface, was achieved by means 


of a complicated heat-insulated hood. Other 
tures of the invention were the oscillating prebaked 
movable around horizontal shafts. To the 
writer's knowledge, the only attempt to operate this 
cell on an industrial scale was made in 
during World War II, with good results in 
energy 
such 
modern 


which will be des« 


fea- 
anodes, 


Rumania 
terms of 
doubtful that 
a complicated apparatus could compete with 
cells 
ribed below 


consumption. It is, however, 


types of with self-baking electrodes 


The Modern Electrolytic Cell with 
Prebaked Electrodes 


The main features of the modern electrolytic cell 
with prebaked electrodes have often been referred 
to in the but it is interes 
examine in details the st: 
of a modern cell of this 
formance 

A good example is the German 30,000 amp cell 
fig. 3 (PB 70030). The drawing is detailed 
that the may be 
distinguished 
n nine 


preceding pages, ting to 
lay-out 


tvpe and consider its per- 


greater uctural 


shown in 


enough so various parts clearly 


The anodes are grouped four by four 


their size is 32 x 25 cm 
attached to a common rod 
. and the each 
thus be regulated independently. All of 
in elements of the anode assembly are 
to those of the French cell (fig. 2), the 
l i and the Italian cell, built or 
prototype (fg 6) This tvpe has 
used with few 


rows Each group is 
suspended from. the 


anode-cathode distance for 


very 


mil 


American cell (fig. 5), 


a German beer 


modifications in German plants and 


n some of the Italian plants since 1926. Some instal- 
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lations were made in 1939. An interesting improve- 
ment was tried at Mattigwerk, Germany, probably 
with success, since it resulted in the installation 
(1943) of a complete potiine, which, however, never 
actually operated. Instead of the usual anodes, eight 
large 37 x 127 cm blocks were used, thus lowering 
the anode current density to 0.79 amp per cm 


\ 


It is difficult to strike a balance between the ad- 
vantages and disadvantages of the prebaked elec- 
trodes at this point. Only a few basic points will be 
summarized here 
1. Heat insulation of the upper surface is difficult; it 
conflicts with the reduction of anode consumption 
and with the necessity of changing the anodes 
2. The recovery of the fluorine compounds is also 
difficult and uneconomical; in fact, only two plants 
are equipped to do so 
3 The periodic withdrawal of electrode stubs and 
the introduction of new electrodes, necessarily by 
hand, results in a detrimental discontinuity in cell 
operation. Attempts to develop continuous 
baked anodes have so far failed.” 


pre- 


4. On the other hand, cells with multiple prebaked 
anodes are simple and less expensive than othe 
more advanced types and thei! 
satisfactory 


operating results 
The fact that some of the largest pot- 
lines built in the United States during World War 
II were equipped with prebaked electrode cells 
clearly emphasizes the uncertainty which still ex- 
ists of the relative advantages of the various type 
of aluminum cells 

Table IV, compiled mostly 
ments, gives consumption figures for prebaked 
electrode cells. The French consumption 
are known to be similar to the German ones: 


from German docu- 


figures 
those 


of the U.S., it is believed, show slightly better re- 
sults 


Table IV. Consumption Data for Pre-baked Multiple 


Electrode Cells‘ 


Plar Lautawerk Lautawerk 


The Electrolytic Cell with 
Self-baking Electrodes 


The self-baking electrode was developed during 
the first World War by a Norwegian engineer, C. W 
Soderberg It was originally applied to the manu- 


facture of calcium carbide and ferroalloys. Its basic 


principle is to use part of the heat generated dur- 
ing the operation of the electric furnace for the 
baking in situ of a semifluid electrode paste, which 
is fed from the upper part of the electrode while 
being progressively used up at the lower end 
Very early experiments had indicated that it was 
possible to use the same principle in the electro- 
lytic cells producing aluminum, and large-scale 
experiments were carried out in the United States, 
in France, and Spain* with slightly modified Séder- 


Fig. 6—Hooded 12,500 experimental electrolytic cell at 
Mori, Italy, 1933. Source: Personal files. 


berg electrodes. A first change from the “carbide 
type,’ where the electric contact was carried out by 
means of clamps, occurred when the electrode was 
suspended by means of ribs attached to an alumi- 
num sheet casing, (fig. 8) This system, however, 


did not meet with favor, and its application was not 
extensive. The first real improvement came about 
1925, when steel contacts introduced laterally were 
used to lead the electric current into the baked 
carbon paste. These contacts were extracted when 
(as a result of the progressive use of the electrode) 


they were 
about to 
couch the 
molten bath 
Bolzano Pt. Marghera Russias 
INA MAG Plane (fig. 9 and 


to 30,000 amp; for 
of the paste, limitation in size, and 


ble factors 
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teel studs 1 
till in use 

Up to 1930, 

the self-bak- 

ng electrodes 

for aluminum cells were round and could carry up 

several reason uch as quality 

ome impondera- 

which always make difficult the success 
f anew device, they were only a moderate success 


The turning point for the self-baking electrode 
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They could be enclosed in a box from which the 


or of the Riouperoux type were very soon in- 
d S ‘ nd, Germany (by the AIAG) 

Fr ind, France, and Mor (Italy), where they 
eemed to be the solution of the serious gas prob- 


hott 
ive 
4 
cor 


appl 
1931, when the first test cell came into being at the space wasted (except the area between the two 
aluminum plant of Riouperoux, France, with large electrodes, if the now outmoded version is used) 


ectangular electrodes The success of the first ex- 
veriment was followed by the installation of a 
eries of these cells, and in 1932-3, technical experts The original Riouperoux experiments seemed to 
convened in Riouperoux to study the new system,* indicate that the width of an electrode could not 
which presented the following advantages exceed 110 cm. This limitation resulted in the 


ied to the production of aluminum occurred in the self-baking anode is a compact block with no 


allows a lower current density without requiring 


an increase in the size of the bottom 


necessity of using either very long electrodes, 
as the total amperage increased, or putting two o1 
more electrodes in a cell. Both solutions were un- 
favorable both to thermal balance and to smooth 
and economical operation. Accordingly, most cells 
up to the beginning of World War II, were built 
for not more than 22,000 to 30,000 amp. However, 
later experiments” were carried out with large: 
electrodes, and it became apparent that the limita- 
tion in width was not really significant, and elec- 
exhaust system, trodes up to 150-160 cm wide could be used with- 
Mori, Italy, 1933. out disadvantage. The dreaded disturbances due 
Source: Personal to the accumulation of gas bubbles under the elec- 
files. trode, while theoretically probable, did not affect 

the operation. Consequently, single large electrodes 


Fig. 7 — Covered 
cell potline and 


with low current density in high ampere cells en- 
tered the field of practical application 

As shown in table V, the current density is con- 
istently lower than for the prebaked electrodes, 
and modern furnaces show a trend toward even 
However, the 


lower the current 


lower figures 


than 
that 


le-bearit ise ind tar gases could be with 


n by a fan and forced through a washing plant 


(Fig. 11) 


recovered 


lurir forld fa im the 


ed State ( la, France. Ita Germany, Ja- " 
Switzerland, the United Kingdom, etc. These J ss 
Were ‘ ‘ m t le ippliec 
e firn Elektrokemisk Oslo, Norway, which Fig. 8—Early self-baking electrode in a 11,000 amp 
tl ner of most of the Soderberg cell, Riouperoux, France, 1929. Source: Personal files. 


lowering of the electrode 


ed to I e-electrode” cel] Th proved to and the higher ts its burning above the bath level 
t t ‘ tructior j Tit not protected; and this increases the electrode 
ied the probler the burning bv the air of the consumption. Furthermore, the time during which 
idjoining electrode irface A typical singk electrolytic CO. (in the reaction CO Cc 2CO), 
ce } VI n f ] Thev car till be n contact with the electrode increases, and more 
lered tvi f today practice CO can be produced, thus further increasing the 
‘ ? n ch ete tic of the cell vith elf electrode consumption 
ne electrode t for those with prebaked The self-baking electrodes (following the Riou- 
‘ the anode current density The fact that peroux example) are very often enclosed, not only 
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1. One or more large zed electrode of rectangu- 4 wy 
lar form could be used in a high-ampere cell. The 
é 
2. 
tween 1935 and 1940, and many more cells of similar ghia 
ype Ww 
Unit 
rel 
cel 
by 
Wa 
derived patent ihe | 1p ix or whicn 
ised two electrodes per cell (fig. 11 and 12) wa 
modit t 4 } t ‘ t the slowe1 th 


allowing the recovery of fluorine compounds, but 
also preventing the dispersion into the pot-room 
of the tar gases, which develop during the baking 
of the electrode. The effectiveness of this removal 
is questionable, however, so that there is very sel- 
dom an economic justification for building large in- 
stallations to recover the fluorine compounds. In 
any case, the workers are still exposed to tar gases 
during the various operations such as the extrac- 
tion of the lateral contacts, the crushing of the crust 
and the feeding of alumina into the cell, the re- 
moval of the metal, etc., since all of these opera- 
tions involve opening the enclosures. During these 
operations, the fluoride gases are freely dispersed 
into the atmosphere—even when there is a scrub- 
bing and recovering plant 

Consumption figures of various cells with Sdder- 


Table V. Dimensions of Electrodes and Current 
Density in Various Self-Baking Electrodes 


Inten 
No Sive sit’ amp 
Plant Year anodes cm Amp per 
5 4 
4 6s 
‘ 
+4 5 4 
4 68 


berg electrodes are given in table VI. The kwh 
per kg of aluminum are of the same order of mag- 
nitude as those shown on table IV for the pre- 
baked electrode cells. The same is true for the cur- 
rent efficiency 


The New Enclosed Cells 


In 1931, even before the Riouperoux experiment 
had been disclosed, the writer had an opportunity 
to work with Séderberg electrodes when two 12,500 
amp single round electrode cells were installed at 
Mori, Italy. Both cells had round electrodes (125 
em diam) with lateral contacts of the Westly type 
(fig. 9 and 10). Among the various measurements 
taken by the writer on those furnaces, those of 
temperature had a prominent place as the write! 
was interested in comparing the heat balance of 
this type of cell with that of the cell with prebaked 
electrode cells which he had previously tested. The 
results (table VII) showed that a 12,500 amp fur- 
nace dissipated as much as 21 out of 64.5 kw (32 
pet) through the upper surface and 17.3 kw (26.7 
pet) through the electrode. In other words, about 60 
pet of all heat losses occurred through the uppe1 
part of the furnace. In striving to achieve a reduc- 
tion of these heat losses, the writer reached the 
conclusion that 
1. The structure of the conventional aluminum- 
cell with self-baking electrodes would have to be 
redesigned so as to transform it into a real electric 
cell, esembling furnaces used in other electro- 
metallurgical operations (steelmaking) 


ransformation would require the elimina- 


tion of the lateral contact stubs near the bath level, 
which would have prevented the use of insulated 
covers 
3. The electrode, if enclosed under an insulated 
cover should be protected against corrosion, since 
the temperature in an insulated enclosure would 
necessarily be high and infiltration of air could not 
be entirely avoided 

These ideas crystallized in December, 1931, in a 
concrete proposal to replace the lateral contacts 
with vertical ones, which, cutting through the un- 
baked upper portion of the electrode paste, would 
reach into the lower baked portion. These contacts 
were made with a specially shaped thread, were 
to be progressively extracted by simple rotation, 
and were also to serve as suspension for the elec- 
trode. The electrode, thus freed of the lateral con- 
tacts and of all the related accessories could be en- 
closed in an airtight permanent steel casing that 
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Fig. 9—Self-baking electrode cell, 12,500 amp, Mori, 
Italy, 1931. Source: “Elettrotecnica” and personal files. 
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Table VI. Consumption Data for Cells with Self-Baking 
Electrodes 


Kitakata 


Lautawerk Lippe Lippe Mattig 


19435 1945 


Fig. 10—Photo of the cell 
in Fig. 9. Source: Per- 
sonal files. 


would protect its lower portion and thus allow its 
enclosure under insulated cover These basic con- 

1 the cell hown on fig. 14 
(which was used in filing the patent for the new 
cell, U.S. 2100927) The writer accordingly modi- 


cepts are embodied it 


fied one of the 12,500 amp Soderberg furnaces at 
Mori (without, however nstalling the alumina 


bin which were left for later experimentation) 


and in the fall of 1933 the first test furnace wa 


tarted. All the relevant details of this experiment 
are shown clearly in fi 15 and 16. In particular, 
f 16 shows the airtight steel casing which pro- 
Table VII. Consumption Data and Breakdown of 
tect the electrode inderneatt the covet The 
Energy Losses in Experimental Soderberg Cells 
covers were not heat-insulated but were made of 
vo metal heet vith asbestos filling between 
hen All the procedures connected with the opera- 
mplified, and a remarkable Fig. 12 Fig. 15 and 16 
The writer undertook the same measurements on 5 ‘ 
made before on 
contacts 


The covering of the cell with a lightly insulated Breakdown of Energy Losses, in kw 
e adoption of vertical 


contacts, resulted in a reduction of power consump- 


tion from 25 to 22.80 kwh per kg Al, or roughly 
10 pet 
2. Most losses, 22.7 kw out of 57.3 (or about 40 pet) 


occurred through the air and gases aspirated from 
the enclosed cell. The problem of insulating the 


upper surface was thus reduced, transformed into 


the simpler problem of building a tight and bette 


insulated cover, and reducing the amount of air 


which was aspirated with the gases 


Fig. 11—Enclosed 22,000 amp furnaces with self-bak- 3. The electrode was perfectly protected by the 
ing (Soderberg) electrodes, Riouperoux, France, 1932. steel casi and even when the bath was over- 
Two 100 x 135 cm electrodes. Source: “Elektrokemisk heated no corrosion appeared. Furthermore, the 

Bulletin”. aluminum casing used in the conventional Riou- 


116—JOURNAL OF METALS JAN 1950, TRANSACTIONS AIME, VOL. 188 


j { 
Vex 
i 
5.9 5 4 56.94 60 
6 
7 
| 
‘ 
a From the data collected and from the practical 2 
; h 45 
F experience, the following main conclusions were 
drawn 
l 
i 
. 


Fig. 12—Enclosed 25,000 amp furnace, Mori, Italy, 1934. Source: “Elettrotecnica” and personal 


files. 


peroux type became superfluous, as the electrode 


slid easily in the fixed casing 

The promising results achieved with the first test 
furnace prompted further experimentation. To this 
end, a standard bottom for a 25,000 amp multiple 
prebaked electrode cell was fitted (fig. 17) with 
two self-baking electrodes, and the resultant cell 
was installed in a 12,500 amp potline. The anode 
current density on the two electrodes (100 cm x 
90 cm) was very low (0.70 amp per cm’). the lowest 
on record at that time. The bottom was exceedingly 
large and hence its heat losses were relatively high, 
but the over-all extremely favorable results of the 
first cell were fully confirmed. (See table VIII, 
Experiment 1) 

The interesting features of this cell were: 1 
Carefully insulated covers which pivoted on hori- 
zontal hinges. 2. A very neat external appearance 
which made the cell look like a real electric fur- 
nace, an impression which had been missing from 


Fig. 13—‘above) Single-electrode cell. 


Fig. 14— (below) Self-baking electrode 

with vertical threaded contacts. Enclosed 

cell. Original patent drawing. Source: 
Personal files. 


the aluminum cells up to that time. 3. Gas and ai 
suction was reduced to a minimum 

Preliminary calculations had shown that if the 
25,000 amp bottom with multiple prebaked elec- 
trodes had been connected to a 12,500 amp potline, 
it would have required 110 kw, corresponding to 
approximately 9 volts; otherwise the bath would 
have frozen as a result of the excessive heat losses 
The experimental cell with insulated covers re- 
quired only 92.50 kw, or about 7.40 volts (average 
current 12,500 amp) (see table VIII). If the covers 
were left open, the cell could not operate at less 
than 8.50 volts, and even then the operation was 
very troublesome. The cell was, however, over- 
sized, and conclusions as to the power consumption 
could not have been drawn from that experiment 
Another experiment was therefore made by equip 
ping the same cell with two 100 x 120 electrodes 
and installing it in a 25,000 amp potline. Table VIII 
Experiment 2, shows the results of this test. The 
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Fig. 15 — Closed 
electrolytic cell, 
self-baking elec- 
trode with verti- 
cal threaded con- 
tacts. Type BL L. 
Mori, Italy, 1933. 

; energy consumption was remarkably low in spite of 
the unfavorable operating conditions (due also to 
the anode current density, which was far too high 
for the self-baking electrodes). This experiment 

j finally proved that the vertical contacts with per- 

% manent tight casing and with insulated covers 
opened new perspectives for the aluminum cell." 

‘ 

While these vertical screw contacts were still 
indergoing tests, an intermediate solution was tried 

/ it Mori in 1939. It consisted, briefly, in lengthening 
the normal contact studs and inserting them ver- 
tically in the unbaked paste. (Fig. 18). Otherwise, 
the cell looked ve much like the test cells with 
threaded vertical contacts mentioned above 
fable VU. Consumption Data of Two-electrode Ex- 

perimental Cells (1935-6) 
aper baperi 
/ 


Breakdown of Energy Losses, in kw 


The first test were highly uccessful, and in 
1940 evers potline vere installed at Bolzano, 
ltaly (f 9 and 20) Unfortunately (as often 
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happens in the industrial application of pilot plant 
improvements), while the anodic part, i.e., elec- 
trode, was a decided improvement over previous 
types, the cathodic part, i.e, the bottom of the cell 
itself, was too narrow and not rationally heat-insu- 
lated, so that not al! the advantages of the new 
approach to cell construction could be fully ex- 
ploited. Even so, the cells in themselves and the 
installation as a whole are very impressive, though 
quite expensive. 

The cell (fig. 19) has a single elongated electrode 
with rounded ends (it could with but slight im- 
propriety be described as an oval electrode). The 
bottom follows the same shape. The anodic surface 
is about 33,000 cm’; the theoretical amperage is 
28,000; the corresponding current density, 0.85, is 
too high for a modern cell. The operating results 
have been marred by a high electrode consumption 
due, in part, to poor paste. The electrical data are, 
nevertheless, remarkable 


Amperes 26,858 
Volts 4.86 
Kwh per kg of Al 17.70 
Current efficiency 81.5 pet 


Source: PB 70023 


Fig. 16—View of same cell with two covers open. 
Source: Personal files. 


The example of the Bolzano plant was followed 
by the French (La Praz), who adopted a somewhat 
simplified and cheaper structure (1942). Other ex- 
perimental furnaces of this type are now operating 


in other countries 


The Electrolytic Furnace of Tomorrow 
From what has been said of the various types of 
electrolytic furnaces equipped with prebaked elec- 
and of the developments of the self-baking 
electrode up to the “Vertical contacts-permanent 


trodes, 


casing-heat insulated covers” type, it seems logical 
to conclude that the latter opens up a new field of 
progress which is likely at last to make the electro- 
Ivtic cell more of an electric furnace and less of a 
hand-operated pot 

The writer, though 
extrapolations in this 


recognizing the danger of 


field, ventures the following 
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forecasts of the impending developments in the 


design of electrolytic cells for the production of 
aluminum: 


Capacity: The tendency toward larger cells will 
continue and, while today a 40,000 amp cell is 
classified as large, this description will apply in 
the future to cells of 100,000 amp. The use of 
vertical contacts with steel casing will allow the 
reconsideration of the use of two or more electrodes 


Fig. 17—Closed electrolytic cell with two self-baking 
electrodes. Type BL Il. Mori, Italy, 1935. 


separately or jointly regulated. A rectangular 100,- 
000 amp cell with two self-baking electrodes 200 x 
350 cm, having an anode current density of only 
0.7 amp per cm’, could be built today. Its electrodes, 
thoroughly protected from burning by gas-tight 
casings, would operate under insulated covers. Also, 
a single 200 x 700 cm electrode for 100,000 amp 
could be used. The use of 100,000 amp cells cannot 
become general since only a very few large plants 
have a sufficiently large power supply.* Moreover, 
any interruption of the current supply to a 100,000 
amp cell (a possibility that must always be reck- 
oned with) causes very serious trouble 


Shape: The latest technique justifies considera- 
tion of the advantages of the round cell, which has 
been left aside, always regretfully, since the Riou- 
peroux developments promoted the rectangular 
electrode 

Thus, one can imagine a 40,000 amp cell having 
one electrode with diam about 270 em which would 
match the performance of much larger cells. Its 
tructure would be much simpler than that of a 
100,000 amp cell, and the heat losses would be re- 
duced to a minimum since the round electrode and 
the round cell could be more easily insulated than 
rresponding parts of a 100,009 amp cell. A 
power consumption of 14 kwh per kg could easily 


the 


be attained even in this medium-size cell and would 
probably be bettered. Other forms of electrodes will 
probably be used in particular circumstances. Oval 
electrode have already been mentioned, but all 
sorts of shapes of electrodes will be possible when 
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the improved electrode techniques are used. Some 
e».periments made now in this direction 


Recovery of Fluoride Compounds: The use of 
airtight covers and other devices would allow a 
drastic reduction in the amount of air and gases 
which must be sucked from above each cell. The 
higher concentration of fluorides in the gases to be 
scrubbed would enable an effective recovery of the 
fluorides with small, inexpensive scrubbers. The 
precipitation of tar particles could be accemplished 
electrostaticly, and many other improvements would 
become possible owing to the small amount of gas 
to be handled." A recent patent (Luzzatto. Norw 
Pat. 72332, July 14, 1947) which is the result of the 
writer’s earlier experiments with vertical contacts 
and enclosed cells, promises to offer not only a 
more comprehensive solution of the problem of 
catching and utilizing the fluorides, but also the 
possibility of other important advantages 

This invention consists of a narrow collecting 
channel surrounding the electrode casing at its low- 
er end. The electrolytic gases and the tar gases are 
collected in this annular chamber which is made 
air-tight by an alumina seal”. The gases thus cap- 
tured are highly concentrated and it is easy to 
eliminate them or to use them without expensive 
installations 

Large scale experiments are being made in Nor- 
way, France and Italy. The results achieved so far 
justify the expectation of further important advan- 
tages in the following directions: reduction of the 
power consumption, mechanization of the principal 
operations, reduction of operating costs 


2 4 
| 
@ 
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Fig. 18—Sketch of a self-baking electrode with vertical 

contacts, U. S. Patent 2,224,739. Source: Elektro. 

kemisk, Oslo, Norway, Report to the licensees, Sept. 
9, 1941. PB 70028. 


Mechanization: Manpower requirements will be 
reduced to a minimum by the use of mechanical 
contact extractors, as in the Bolzano installation 
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The feeding of the alumina will also be mechanized, 
as will be the removal of the molten metal 


Power consumption will be about 
kg of alumina, i.e., 2/3 of the con- 


Consumption: 
14-15 kwh per 
sumption of most installations of today’s aluminum 
plants. Consumption of electrode paste depends as 
much upon the quality of the paste as on the design 
of the cell, but the elimination of the burning of the 
electrodes by the air and the improved conditions 
under which the baking takes place will certainly 
result in a sizable reduction of electrode consump- 
48-50 Ib per 100 Ib of aluminum 


tion to, Say 


fluoride from the 
the net consumption 
n the pots to small 


sumption 


Summary: I olytic aluminum cell of 
morrow ound and with 


rtical contact It 


equipped 


levices for 
d shifting 
will 


mechanical 


pot-room 
reful and eco- 


the 


ty of the f 
0.000 amp 


circumstance 
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DISCUSSION 


LOONAM*. In the first place it must be said 


process for the production of 
it has dominated the field 
erious competition 
An interesting development in this connection is that 


the first contact rectifier? to be installed in this country 


that the electrolyti 
aluminum is pretty good, as 


for about 60 vear without any 


is going into operation this week at the plant of the 
Buffalo Electro-Chemical Co. at Tonawanda, N. Y 
During the war the Germans did a lot of work on the 
electric smelting of aluminum and developed a lower 
halide proces tor 
tained. Has anybody done any 
or heard any details about the 
place’? There have been some rathe 


refining the crude metal so ob- 
work on this process 
reactions that take 
tartling reports 
of its efficacy. In one case, for example, aluminum of 
99.85 pet purity was produced from an electric furnace 
silicon-aluminum alloy than 58 pet 
aluminum, while in another, a scrap alloy containing 
ibout 97.3 pet Al was retined to a purity of 99.98 pct 


J. D. SULLIVAN I 


containing less 


cannot discuss the halide 


process although I know that there has been work 
done in this country on that and a patent issued to 
\leoa. I think that patent was limited to the fluoride 


Klemm 
quali 


C. LOONAM. There is a recent article by 
coworkers which gives considerable 


tative therrmodynamic data on the lower aluminum 


halide 


under 


J.D. SULLIVAN: The thermal itself is O.K 


certain conditions of temperature 
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Textures in 
Cold Rolled Copper and 70-30 Alpha Brass 
by Walter R. Hibbard, Jr. 
te has been proposed on the basis of slip and flow Conn., and by the use of pack rolling. Pole figures 
that the ideal deformation texture of cold rolled were made using the X ray camera and techniques 
face-centered cub metals is (110) [112]. As described by Brick.’ These pole figures were not 
pointed out recently by Brick, this theory does not significantly different from those previously pub- 
account for the difference between the pole figures lished for the same materials rolled 98 pct. Eight 
for cold rolled copper and 70-30 alpha brass, which thicknesses of this strip were then pack rolled 
develop strikingly different spreads from the ideal This material failed completely and extensively in 
ientations. It doe iggest that the pole figures tension as shown in fig. 1, developing wavy trans- 
might be similar for these two metals if they are verse fractures and bulges. No further work could 
be done on these samples 
WALTER R. HIBBARD. JR.. Member AIME. is As- Summary: Within the range of this experiment 
tant Profe f Metallurgy at Yale University no attainable amount of cold rolling would causs 
New Haven, Conr the pole figures of cold rolled copper and 70-30 
Technical Note No. 33 E. Mar cript received Oct brass to become similar, in spite of the fact that 
6, 1949 such a similarity is predicted by theory 
led fliciently. This has been found to be the References 
ase for cold drawn wire W. R. Hibbard, Jr. and M. K. Yen: Trans. AIME 
(1948) 175, 126. Met. Tech. Feb. 1948. TP 2334 
Experimental Procedure: I : inch section R. M. Brick: Trans. ASM (1949) 412A. 99 
tained through the courtesy of the Bridgeport Brass Jn. of Metals, Sept. 1949 
Co. Pieces from these cakes were cold straight R. M. Brick: Trans. AIME (1940) 137, 193 
rolled 99.993 pet reduction in thickness with the R. M. Brick, D. L. Martin and R. P. Angier: Trans 
i tance of the Remington Arms Co., Bridgeport, ASM (1943) 31, 675 
- 
Fig. 1—Copper and 70-30 alpha brass cold rolled 
more than 99.993 pet reduction thickness. 
(Actual size). 
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Faults in the Structure of 


Copper-Silicon Alloys 


by Charles S. Barrett 


Disorders (faults) in the stacking of atomic planes in Cu-Si 
alloys were detected and analyzed by X ray diffraction, and the 
conditions for generating faults were determined. They were found 
in alloys of 4.0-5.4 pct Si after deformation, when supersaturated. 


HE crystal imperfections known as faults in that is a twin of the former; if ABAB ol 

stacking (stacking disorder) are of importance BCBC it is hexagonal close-packed (HCP) A 
to both fundamental and applied science and are re- fault is a break in the sequence, such as ABCABABC 
ceiving increasing attention. On the theoretical which has the effect of inserting an HCP lamella 
side there have been recent advances in the an- into an FCC erystal. Regularly spaced faults spaced 
alysis of diffraction patterns in terms of stacking two layers apart would convert an FCC crystal en- 
faults, and on the experimental side it has been tirely to HCP, or an HCP to FCC. A fault in an 
found that certain metals develop a faulted struc- FCC crystal is also equivalent to creating an FCC 
ture on cooling through a phase transformation twin of minimura thickness; in fact, the entire 
3eyond this, little is known of what may be called crystal would be converted to its twin if faults 
the physical and mechanical metallurgy of faulting were introduced regularly. (In HCP crystals, how- 
although there has been no lack of discussion and ever, twinning does not occur on the basal plane 
a fault on this plane is not identical with a 


conjecture as to the presence of faults in metals and and 
the effect of faults on mechanical properties and thin twin) 
microstructures Faults are one of the possible causes for anneal- 
In the close-packed metals the nature of faults ing twins, for the strain markings that are brought 


can be described very simply. Face-centered cubic out by etching deformed metal, for the altered X 


(FCC) crystals consist of close-packed layers of ray reflecting power of metal at slip bands that b 


atoms, (111) planes, stacked above each other in a revealed in X ray reflection micrographs, for the 


definite manner. If one layer is designated as the A extinction of Kikuchi lines in electron diffraction 
laver, the next must be a B or a C layer; that 1s patterns, and for the hardening of latent slip 
every atom of the second layer lies not above the planes. Since other explanations of these effect 
atoms of the A layer, but nestles in the hollows be- are also available, there has been no direct proof of 
tween these, using the hollows designated as the B faults from deformation; yet it has appeared likely 
that they would oc- 
cur. Faults resulting 
CHARLES S. BARRETT, Member AIME, is Profes- from phase transfor- 
or Inst tute for the Study of Metals, Univ. of Chicago mation in metals. 
ers is ABCABC : AIME New York Meet ei Feb. 1900 however, have been 
TP 2754 E Discussion (2 copies) may be sent to 
so that layers three Transactions AIME before Apr. 1, 1950, and is sched- 
spacings apart are uled for publication Nov. 1950. Manuscript received 
directly ovel each Sept. 30, 1949 
other, the crystal is This research has been supported in part by the 
FCC: if CBACBA Office of Naval Research, U. S. N., Contract No. N that the faulting 
6 ori-20-1V, NR 019 302 tendency is greatest 


positions, ol the 
equivalent hollows 
designated as C. If 
the sequence of lay- 


clearly revealed by 
diffraction in cobalt 
and hthium 

It is to be expected 


it is an FCC crystal 


TRANSACTIONS AIME, VOL 188, JAN 1950, JOURNAL OF METALS—-123 


—— 


under conditions such that the interface energy 1.633 within the accuracy of the patterns, which are 
caused by a fault is least. The copper-silicon alloys somewhat less precise than Andersen's 

provide a variety of conditions with which this When the (111) and (00-1) planes of alpha and 
point of view can be tested, and offer unique ad- kappa form the interface between the two phases, 
vantas for the study of faulting and its effects with close-packed rows of atoms parallel in the two 


3 The alpha phase (FCC) in the copper-rich alloys and with equal or nearly equal atom spacings in 
; can be made to precipitate kappa (HCP) or vice the two, the interface must be of exceedingly low 
¥ versa, as will be evident from the phase diagram energy, which accounts for the observation that the 
1 fig. 1, and the closely similar atomic radii in alpha banded kappa plus alpha structures resist spheroid- 
if und kappa permit these phases to fit together on in- ization almost indefinitely during annealing.” This 
terfaces that have almost no interface energy o1 orientation, predicted earlier,” was confirmed in the 
F train energy, as Cyril Smith ha pointed out present investigation 
E Furthermore, each of these structures can be trans- The gamma phase, according to Arrhenius and 
formed to the other by glide on the close-packed Westgren’ and to Sautner,” has the beta manganese 
planes that are the slip planes jelow the eutectoid tructure, cubic, with 20 atoms per cell, and with 
temperature (552 C) there is an opportunity to de- a 6.210 kx. There are marked similarities in the 
compose the hexagonal phase into alpha plus an- atom pattern of (111) gamma and (111) alpha, 
F other cubic tructure, of the beta-manganese type 
a the gamma phase. It is also possible to precipitate 7 
gamma from alpha ‘T 
The Lattice Dimensions of the Phases: The ran- 
dom substitutional FCC solid solution of Si in Cu 1000 
4 extends to 4.65 pet Si (9.95 at. pet) at the eutectoid 
¢ 952 C, and to a maximum of 5.3 pet (12.45 at. pet) 
- at 842 C, according to Smith The two phase re- 300 
gion, alpha plus kappa, extends frorn the alpha 
es, phase limit to 5.2 pet (11.05 at pet) and to 5.9 pet i) 
F (12.45 at. pet) at 552 C and 842 C, respectively Eno 
The alpha plus gamma region extends to 8.35 pct + 
(17.15 at. pet) at 552 C, according to Smith An- 5 
dersen’s diagram” is in satisfactory agreement with | 
Smith on 
; According to precision X ray determinations by 
Andersen Si expands the lattice of Cu according = 
to the linear relation a $6077 0.00065C kx- 465 S32" 
uni where C atomic per cent silicon; at the sol- | i | £ | 
q ubility limit for 560 C, a 3.61395; and at 750°C, 
61462 0.0002 kx; the HCP kappa phase in 
: equilibrium with alpha at these two temperatures, «4 | } i i } 
respectively na a 4.1765, c/a 
1.6353 and 25566, « 4.1737, c/a 1.6325, in 2 
kx units, all values being measurements made at par cont by eqn? 
. vom temperature Fig. 1—Equilibrium diagram for Cu-Si alloys, accord- 
a The distances between the atoms of the nexagon- ing to Smith 
aa l a on the (111) alpha plane and the (00-1) 
kappa plane for alloys in the two-phase region are 
if very nearly identica According to Andersen ome atoms of the alpha matching the gamma with- 
i meusurement whict were made mn alloy in O.US pet 
quenched to room temperature alte long anneals, Materials and Methods: The specimens were 
they differ by only 0.05 to 0.08 pet, and the spac- taken from the hot rolled homogenized alloys used 
f ings of these planes differ by only 0.025 to 0.08 pet in Smith's investigation,” supplemented by a melt 
These difference alt too mall to be recorded a that analvzed 5.50 0.04 pet silicon, which was 
an f line in powae pattert of two-phase hot rolled and annealed 40 hr at 800°C for homog- 
‘s naee ind are o1 Htained by Computations fron enization. Heat treatments were carried out in air. 
ie measurements of several line It appears like ty with small samples, usually wrapped in copper foil 
ire act identical The samples were introduced into a furnace that 
as smith ha ig- was controlled at the annealing temperature: some 
f ested at any rate, there much reason to expect were subsequently cooled in air by gradually with- 
Be u nm most laboratory experiment Where one lrawing them from the furnace, reaching 100°C in 
B phase is precipitated trom the othe n the absence to 5 mit others (unprotected by copper foil) 
of recrystailization of the parent phase, and where were quenched in wate The specimens were 
coheren between Ul ittices Is, therefore, almost deeply etched to remove surface lavers that mav 
certain to occu have been de ple ted tn silicon 
During the present work it was confirmed that Oscillating erystal pictures of these specimens 
tne tructure of the two phase are of the type have spotty Debve rings that prove to be convenient 
mentioned, that the atomic radu are lentical or for studying the structures. A series of pictures was 
i tantially », and that the Xli atio ol Kappa made on a small Debve camera using circular 1 mm 


124 JOURNAL OF METALS JAN 1950, TRANSACTIONS AIME VOL 188 


i 
, 
j 


diam pin holes and nickel-filtered copper K radia- 
tion. The samples were oscillated 3° to 6° or oc- 
casionally more, the range being chosen to give a 
convenient number of spots. The samples aver- 
aged 2x3x10 mm in size and were placed in the 
camera with one surface at an angle of about 10 
to the beam. 

The Streaks on Diffraction Patterns: It is found 
that the X ray diffraction patterns very frequently 
contain details that cannot be accounted for by 
normal FCC and HCP phases. In addition to sharp 
spots from one or both of these phases, and Laue 
streaks from the general radiation component of 
the incident radiation (Laue spots elongated into 
streaks by the specimen oscillation), there are 
streaks at angles very divergent from the Laue 
streaks. The Laue streaks, which are radial nea 
the equator of the films and are always at predict- 
able angles, are ignored in the analysis to follow 
and reference is made only to the other streaks 
which are made by the monochromatic filtered 
(characteristic) radiation 

Typical films are reproduced in fig. 2 for a 
juenched alpha phase alloy, (4.91 pct Si) deeply 
etched, and in fig. 3 for an alpha alloy (4.16 pet Si) 
that had been slowly cooled (fig. 3a) and cne that 
had been lightly hammered under liquid nitrogen 
and deeply etched (fig. 3b). The prominent streaks 
lie in definite preferred directions, from which can 
be deduced the directions of the corresponding rods 
in the reciprocal lattice 

When the angle of oscillation of the specimen in 
the X ray camera is restricted to a few degrees, o1 


It is found that the streaks from both alpha and 
alpha plus kappa Cu-Si alloys are oriented as in 
fig. 4, with the rods parallel to the hexagonal c axis 
or [111] eubie directions. The FCC alpha crystals 
can also be indexed in the rhombohedral system 
with hexagonal axes, with the [111] direction be- 
coming the c axis (see the indices followed by letter 
R, fig. 4) 

The orientation of the streaks is such as would be 
caused by an imperfection in the manner of stack- 
ing the close-packed (111) planes of the cubic phase 
(or the close-packed basal planes of the hexagonal 
phase) for the effect of disorders in stacking is to 
elongate reciprocal lattice points in the direction 
normal to the planes that are faultily stacked. This 
effect has been studied in metallic crystals after 
transformation, for example in cobalt" and lith- 
ium and is observed in many nonmetallic sub- 
stances 

Before concluding that the streaks are caused by 
stacking disorders, however, it is necessary to prove 
that they are not due to thin plates of a phase, or 
merely thin isolated layers having a composition 
different from the surrounding material, for these 
could serve as two dimensional gratings and pro- 
duce streaks much like the observed ones 

Cause of the Streaks: Experimental proof that the 
streaks result from stacking disorders, rather than 
thin plates or silicon-enriched planes, rests on the 
appearance of spots on the FCC (220) ring on films 
made with a small angle of oscillation of the speci- 
men. The spots on this ring from the FCC phase 
have rhombohedral-hexagonal indices 11-0 and 10-4 


Fig. 2—X ray diffraction pattern of alpha phase alloy (Cu+4.91 pet Si) quenched after recrystalliza- 
tion at 820°C. 
Non-Lave streaks indicated All patterns made with small oscillation ‘usually 3® to 6?) of polverystalline specimen in Ni-tltered 


Cu radiation 


when the specimen is stationary, there are long 
streaks only if reciprocal lattice rods are tangent to 
the reflection sphere. If streaks are tangent to a cer- 
tain Debye ring it follows from geometrical con- 
siderations that planes reflecting to make spots on 
that ring are planes of a zone having an axis In the 
direction of the rods. This is true whether the Debye 
ring is real or merely corresponds to planes having 
zero reflecting power 


It has been shown theoretically and experimentally 

that 11-0 spots are not widened into streaks 
when stacking disorders are present since they be- 
long to the class h-k-—-3n where nm is any integer, 
including zero. This is because faulting leaves these 
planes undisturbed. But the 11.0 spots would be 
widened by thin plate effects if these existed, and 
the direction of widening would be tangential to 
this Debye ring, since the rods in reciprocal space 
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how 3—Pattern of alpha (Cu+4.17 pet Si) recrystallized at =e. 


hammered slightly at liquid nitrogen temperature. Shows non-Laue streaks tre 


allel to the [00-1] direction 
| cell, like the rod in 
hand, the 10-4 spots would lic 

red direction at an angle 
treaks there 
unwidened 


xagona 


howing 

that are 
and there are no 
pots on the ring 

olated 


are esponsi- 


tacking faults, not 

is not excluded, 
to develop 
faulted 


ventional pre- 


or may tend 


mm that in the ur 
more con 


be due to thermal 


Intensity Distribution Along the Streaks in Alpha 
Alleys In the patte of lloy containing only the 


FCC 
each other 
00-1) plane 


the 


the hammering 


(111) plane referred to cubic axes—-and the <= axis 
normal to this plane. The degree of stacking dis- 
order is expressed in terms of the probability p, that 
a layer will be in the close-packed position such 
that an atom is at the coordinate position 2, 
to 1 3,—1 3 with respect to an atom in the 
layer at the position 0,0. There are two close-packed 
positions, and since every layer is assumed to be in 
one or the other of these, it follows that if p, is the 
probability of being in the other, Le., at x, y equal 
to 1/31/38, en p p 1. In a perfect FCC 
single crystal, } 1.0; the condition p 
sents a twin of the crvstal for which } 1.0; when 
the layers are stacked at random ; 0.5. The 
analysis assum that faults are distributed 

cally at so that the stacking in any pack 
of layer arbitrary position in the 


equal 
adjacent 


0 repre- 


tatis- 
random 
chosen at an 
ructure is representative of the whole crystal, or 


+- 10 4R 
Fig. 41— Por 
tion of recip- | 
rocal lattice 
for patterns 
such as fig. 2 

and 3. 


FCCe 
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nounced broad maxima at the diffraction angles of 
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4 expected if the ca ‘ tine treak an impertec- 
tior f stack th FCC pl ‘ 
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be applied t tackit lisorde in the . : 
ture bv cl ind axe it 120 ree 
‘ parallel to the ose-packed rows of the ~ © 
rhe hombohedral-hexagona tructure = 900 


Fig. 6—(above) Intensity factor ! when h-k = 
3n + | is averaged with h-k = 3n - 1, as in 
twinned FCC grains. 


Fig. 5—(left) Distribution of intensity factor I’ 

along row of reciprocal lattice for stacking dis- 

orders p in a FCC erystal for h-k = 3n + 1 
(hexagonal axes). 


of that portion of it to which the analysis is applied In the FCC case the Fourier coefficients have the 
These probabilities determine the probabilities value 

of relative displacements of layers M spacings apart 

If the probabilities that the Mth layer will have 

positions 0,0 or 1 3 . I l 


== P Pye" 


and these predict the intensity I along the rows 


3.1/3 with respect 


of points in reciprocal space through the relation 
to the atom at the origin are Py., Py. and Py 


re- 
spectively, then all close-packed arrangements re- Kw 3,Ww™ ewe 


quire P, l Simple computation 
, where K is a constant, ,, 1s the structure factor 
shows that these values are related to p, and p, as he Mill eth 
layer, h an al th ‘r indices 
stated in table I. (Small terms are omitted in the ‘ 
row, and the coordinate z may have any integral or 
nonintegral value. From this equation it follows 
that there are no rods along the reciprocal lattice 
Table I. Probabilities for Positions of Planes M Layers rows of points for which h } 3 


3n, where n is 
Apart in Terms of p and p any integer, but when h } 3n*1 there are 


rods parallel to 2 in the reciprocal lattice with 
intensities along the rods given by 


(3P, 1) cos 2eM 


Fig. 5 is a plot of the function I’ with different 

values of the probability p, for h } 3n 

1, and with extending throughout one 

unit cell of the reciprocal lattice, e.g., from 

100 to 10-2 in an HCP cell or from 10.0 to 

10-3 in a three-layer cell (“R”). As p, ap- 

proaches 1.0 from the value for random stack 

last two rows). These probabilities in turn deter- ing, the peak at 2 % moves toward 2 1/3 and 
mine Fourier coefficients W,,™ from which may be increases in sharpness and intensity; on an X 1 
computed the contribution of the pairs of layers M pattern this correspond 
spacings apart to the intensity of X ray scattering along 


ay 
to an intensity maximum 
a streak moving from a position at a Debye 
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Fig. 7—(above) Pattern of alpha + kappa (Cu- Fig. 8—Pattern of Cu+5.39 pet Si alloy. 


és 5.12 pet Si) quenched and abraded after re Recrystallized as kappa at 600°C, heated hour at 752°C (alpha 

j erystallization at 820°C. kappa), quenched and abraded. Streaky and gamma maxim 

u i HCP packin t “a position at a ring tor titative measurement uch as are necded fk Zach- 
FCC The irves fo } are ariasen’s Fourier analysis of disorder,’ or for com- 
lentical with those plotted in f » if the co parison with Wilson's computation 


dinate e reverse noir om 1 on the left The Streaks in Alloys Containing Kappa and 


y Y on the nt Alpha: Many streaks in the diffraction patterns of 
¥ If in each ain there are twin o that there are alloy that contain both alpha and kappa phase 
t it ' ‘ ( tr hav i certan are different from those discussed in the previou 
oa ther with having that value the ection. (These alloys are ibject to a very luggisn 
cattle iro at i whole ts the average eutectoid decomposition below 552 C). The treak 
wf lL and / ” 1, giving instead of being short spikes extending out in one 
the ¢ ‘ I 6. As the iin becon more per- o more directions from alpha spots, are very long 
fect the inte tv maximun plit nto two peak as, for example, in tig. 7, and are either nearly uni- 
vhich sharps they approact 1/3 and 2/3, form in intensity throughout their length or have 
which are FCC reflections having hexagonal indice diffuse maxima on them at diffraction angles cor- 
O11, 10-2, 20-1, 02-2, 01-4, 20-4, 105, 02-5, ete. 1m the responding to neither the FCC nor the HCP phase 
hombohed ce three lave h, that 1c! rhe pa through one or more of the spots 10-1, 
tical with the FCC « 02 0 10-4 nd 20 of the HCP phase, but have 
I the patte t : hase a tine treat i diffuse minin of inten it these vot ithe 
ppear alt CX} ed this the vitl han a ma m: they also pass through FCC spot 
vit rm the to O9 rie ‘ ced n I re 
\ : be 10 me the nin nea these pot The trea oxte ii 
but vith ont on the me directs the he trear discussed 
fect FCC ar strona whe earlic tacking on (111) 
sf the treal la is the caus¢ Fk 7 was prepared from a 
A The X tec] ed t} permit ienched imple containi 12 pet Si that was 
qualitative tudie hed echanic nd etched. St ore pro- 
to be nt jUa ! need i the trea vere obtained when 
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a quenched 5.39 pet Si alloy was polished and etched 
(fig. 8) 

The distribution of intensity in reciprocal space 
is Indicated roughly in fig. 9. It appears impossible 
to account for the position of the pronounced 
maxima on the streaks with any curve of the family 
plotted in fig. 6. The maxima more closely agree 
with the reflection positions for the gamma phase 
than either the alpha or kappa phases, but the ex- 
ceptionally strong lines that are listed for gamma 
lie 42° to 2° from the intensity maxima on the 
streaks. It is very likely that the phase causing 
these Maxima is a transition structure rather than 
the equilibrium gamma; it will be referred to as 
gamma’ 

The position and diffraction angles of the gamma’ 
maxima show that this phase is related in orienta- 
tion and structure to both kappa and gamma. The 
directions of the streaks and their alignment with 
the alpha and kappa spots imply that the gamma 
phase has important atom layers parallel to (00-1) 
of kappa and (111) of alpha, and that they are 
coherent with these planes, matching them in 
atomic array or in a multiple of the array. Pre- 
sumably these layers are arranged with frequent 
tacking errors which cause the streaks. It is evi- 
dent that the gamma’ is accurately oriented with 
respect to the kappa, for the streaks from the 
gamma are invariably aligned with spots on the 
kappa Debye rings; the streaks also pass through 
alpha spot In fig. 8 each 10-1 kappa spot (# 
23.3) lies on a streak containing maxima at 22.5 
and 24.1°. Equilibrium gamma has the three strong- 
est reflections at 21.8, 23.0° and 24.3° with (h 

l) values equal to 9, 10 and 11 respectively 
There are similar pairs of maxima connected with 


kappa 10-3, 20-3 and 12-1 spots 


Much more complete data would be necessary for 
a rigorous analysis of the structure of gamma’, but 
the present experiments lead to the conclusion that 
(1) it is a metastable phase that does not form with 
spontaneous eutectoid decomposition during long 
annealing; (2) it is produced by straining alpha 
plus kappa alloys, as is discussed later, presumably 
by the gliding of close-packed layers parallel to 
themsel ve (3) it exists In coherence with alpha 
and kappa, with atomic matching at the interface 
and with exact orientation with respect to these 
phases; (4) it produces diffraction effects of the 
general type to be expected of a phase with fre- 
quent stacking errors, and (5) when initially 
formed by plastic straining its composition must be 


essentially that of the matrix from which it form 
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10°3 HOR 


220 FCC 
Fig. 9 — Recipro- Fee 
cal lattice plot 
for fig. 8. FCC( TWIN) 
HCP 
Foc 
e000 10°O HCP 


not of equilibrium gamma, since there has been op- 
portunity for negligible diffusion 

Production of Faults: A large number of experi- 
ments were conducted to determine the factors that 
control the production of faults in the Cu-Si alloys 
using the presence of streaks on the oscillating 
sample patterns as the criterion for the presence 
of faults 

Quenching. Quenching in water from 820 C pro 
duces abundant faults in 5.39, 5.12, and 4.91 pet Si 
alloy very few in the 4.17 pet Si alloy, and none 
in the 2.94 and 0.96 pct Si alloys. The faults are 
detected by X raying the samples not only afte: 
light etching, but also after etching until the 
quenched samples are reduced 40 to 50 pet in thick- 
ness. Fig. 2 illustrates the 
of the quenched alloys. The FCC spots frequently 


streaks that are typical 


have more than one streak radiating from them 
indicating that a single alpha grain has faults on 
more than one set of the |111) planes. This would 
be expected from the microstructure of faulted 
alpha or of alpha plus kappa alloys, which show 
markings or bands on various {111}! planes in nearly 
every alpha grain 

Several experin.onts on samples consisting purely 
of Kappa (5.5 pet silicon) failed to produce fault 
Strain markings in the microstructure are also ab- 
ent or very rare in these. All alpha alloys that 
how streaks on the X ray films were supersaturated 
with silicon when quenched to room temperature 
(see fig. 1) 

In control experiments with cold rolled sample 
annealed at 820°C and cooled in air, no streaks are 
found with alloys of 0.96, 2.94, 3.77, 4.17, 4.59 and 
4.91 pet Si. Only occasional streaks are found in 
5.39 pet Si alloys: these may be residual from earlier 
conditions in the samples. Cooling faultfree sample 
of 4.17 pet silicon to 195 C without 
them produces no streaks: this indicates that the 


training 


production of faults cannot be ascribed to a pon- 
taneous precipitation or a martensitic transforma- 
tion 

Since quenching is known to cause plastic flow 
in polycrystalline samples it was suspected that the 
role of quenching was merely that of introducing 
plastic deformation in the samples while in the 

persaturated condition, so a number of tests were 


made on the effect of deformation on slowly cooled 
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Fig. 10—Strain markings in Cu-Si alpha alloys quenched from 820°C after recrystallization. 


after echanical polishing, etched with hydrogen peroxide potassium hydroxide 
» 200; id) $.1 


ammonium hydroxide reagent 


2 pet Siw 280. Reduced one fourth in reproduction 


in the following sec- though the plastic deformation thus introduced 
role of quenching. caused only slight blurring of the spots, moderately 
intense streaks were then found on the patterns 
(fig. 3b). The streaks radiated out from the alpha- 
phase spots, usually in several directions, indicating 
faulting on more than one set of {111} planes. A 
subsidiary experiment showed that immersion in 
liquid nitrogen in the absence of cold work did not 
generate faults 
Very prominent streaks, indicating profuse fault- 
ing, are obtained not only by hammering at low 
temperatures, but also at room temperature, and in 
some alloys also hammering at elevated tempera- 


that faults are tures—-provided the alpha phase is 
obtained in an In the 4.17 pet alloy of fig. 3 it was 


supersaturated 
also found that 
A sample contain- . straining by impact is not necessary, for 


l 
faults were 

recrystallized and introduced when a sample was reduced pet in 
fault-free. showing thickness by slow compression at room temperature. 
streaks from general and when samples were slowly 


12 


compressed 5 and 
iple was lightly ham- 16 pet 


liquid nitrogen, and Profuse faulting 


is obtained also by abrasion on 
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ample The re t reported 
confirm th view of the 
f 
Plastic Detormat \ clea 
ty ntroduced by plastic flow w 
experiment illustrated by fig 
$17 pet silicon that w 
owlyv cooled was found to 
if no streaks other than the La 
radiation sa) This san 
mered while inmese’ 1) 


emery paper and by mechanical polishing. This is 
illustrated by fig. 7 and 8, which show the streaks 
obtained in 5.61 and 5.39 pct silicon alloys after 
quenching, then rubbing on emery paper, and 
lightly etching. Quenching alone does not produce 
streaks as intense as these 

The variation of faulting tendency with composi- 
tion and with deformation temperature was studied 
in a series of tests in which deformation was carried 
out by hammering samples at different tempera- 
tures. No precision can be claimed for this series, 
since the number of spots with low indices was not 
large, the grains were not uniform in their reaction 
to the stress, the strains were not uniform, and some 
may have recrystallized into a fault-free 
state during cooling even when cooling commenced 
immediately after straining. It was possible, never- 
theless, to evaluate the general faulting tendency 
by discarding films in which the spots indicated that 
the sample had received either too little or too much 
deformation for proper visibility of the streaks, or 
had apparently recrystallized, or was of unusually 
small grain size 

The tendency to faulting is strongly dependent on 
composition. No X ray evidence of faults was ob- 
tained in any experiments on alloys containing less 
than 4 pet silicon. Alloys of 0.95, 2.94 and 3.77 pct 
silicon showed none, but faults were observed with 
alloys of 4.17, 4.91, 5.12 and 5.39 pet silicon. As the 
silicon content increased above 4 pct the faulting 
became more prominent in the single phase alpha 
alloys. The two phase alpha plus kappa alloys 
showed prominent faulting, but pure kappa showed 
none. The silicon content of alloys sus- 
ceptible to faulting as judged by the X ray tests 
hes between about 4.0 and 5.4 pet 

The susceptibility of the alloys to faulting roughly 
parallels an important feature in their microstruc- 
“strain 


rains 


range of 


ture, namely, the number of straight lines, 
narkings,” that are visible in the microstructure 
Fig. 10 illustrates the progressive change in micro- 
yhase alloys increase in silicon 
relatively free from 
internal lines in the grains except for the usual 
but the number of lines in- 
creases as the alloys become richer than 4 pet and 


structure as alpha- 


} 
content; low silicon alloys are 
broad annealing twins, 


reaches a Maximum in the richest alpha composi- 
tions. The lines are similar in appearance to the 
bands in the banded alpha plus kappa structure, and 
to thin deformation twins, and le on the close- 
packed {111 
Because of this and the 
be produced by 


that they 


planes of the face-centered cubic solid 
olution fact that they can 
deformation it is safe to conclude 
represent a modification of the normal 
stacking of matrix planes, for this would be true 


either if they were clusters of faults, lamellae of 


kappa, transition precipitate, twins, or locally dis- 
torted metal along slip planes. (Since the number 
per grain is orders of magnitude smaller than the 


number of faults necessary to cause the streaks that 
re seen in diffraction patterns it is clear that they 
lual faults) 


when the matrix 


a 


are not ind It can be concluded that 


readily tolerates a rearrangement 


that produces these lines it also tolerates rearrange- 


ment in the form of stacking faults: the matrix 


tacking modified without appre- 


equence can be 
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ciably increasing either interface energy or internal 
energy. 

The tendency to faulting as a function of the tem- 
perature at which various samples were deformed 
may be judged from the results plotted in fig. 11 
No X ray evidence of faults is found when alloys 
are deformed within the stability range of the alpha 
solid solution; some degree of supersaturation seems 
to be required. For example, 4.17 pct silicon samples 
show no fault-streaks on X ray patterns when ham- 
mered at 550°C or 350°C but show many when de- 
formed at 20° o1 195°C. This composition be- 
comes supersaturated below about 475°C. The 
alpha phase of all two-phase alloys was probably 
slightly supersaturated during deformation, since 
the wrapped samples dropped a few degrees in 
temperature during hammering outside of the fur- 
nace 

The streaks on the films are short spikes running 
out from alpha spots for alloys having less than 
about 5.0 pet silicon; long streaks make their ap- 
pearance in the richer alloys, often together with 
short streaks. Long obtained with 
samples that contain alpha plus kappa, which are 
samples that would undergo eutectoid decomposi- 
tion at a slow rate. None of the treatments pro- 
duced faults in the pure kappa alloy of 5.5 pet 
silicon even though this, too, contained a suppressed 
eutectoid transformation at many of the deforma- 


streaks are 
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Fig. 1l—-Summary of type of X ray diffraction streaks 
obtained when various alloys are deformed by ham- 
mering at the temperatures indicated. 


The phases present in the samples when detormed are indicated 
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on temperatures used; repeated tests were made that were perhaps the most intense of any obtained 
vith deformation at 600, 20° and 195 C. The in these tests 
absence or near-absence of strain markings in this Spontaneous eutectoid decomposition produced 
alloy again points to the close relation between no evidence of faulting. For example, faults were 
X ray evidence of faulting and strain markings in not detected in a 5.5 pct silicon alloy that had been 
the microstructure slowly cooled from above the eutectoid and an- 
: The Removal of Faults: There are many experi- nealed 4 days at 525 C so as to be decomposed to 
. ments in this series which prove that recrystalliza- alpha plus gamma, and they were absent also in a 
i tion removes faults from alpha-phase alloys. Re- ».39 pet silicon alloy that was annealed at 525 ( 
dless of the prior thermal or mechanical history for two weeks, also fully decomposed. Shorter heat 
of a specimen. if it has been cold worked, recrystal- treatments of this type also gave negative results 
/ lized, and slowly cooled within the alpha phase (370°C for 20 hr, 500°C for 17 and for 48 hr, with 
ri ange it ta found to be free or nearly free trom the 5.39 pct alloy) but it is possible that some 
X ray evidence of faults. On the other hand, some critical treatment might give positive results 
nnealing treatments did not result in fault-free Precipitation of Alpha from Kappa: It was ex- 
iterial. These included some annealing treat- pected that faults would be numerous if the kappa 
ents in the two-phase regions of the phase dia- phase was heated so as to precipitate alpha with the 
1 im (see the following section). Another example characteristic banded microstructure. This, how- 
c: vas the annealing of a 4.91 pet silicon sample that ever, Was found not to be the case; precipitation 
es contained faults from quenching: these persisted produced negligible faulting compared with quench- 
throughout a 1's hr anneal in the alpha phase range ing or deforming, as judged by the following experi- 
t 750 C and slow cooling from this temperature ments 
It i iggested that the mechanism for fault re- Sampk from the 5.39 pet Si alloy were cold 
- il the weeping of grain boundari cro rolled to a reduction of thickness of 25 to 35 pet, 
“ the faulted grains, and that in the absence of grain annealed 1 hr at 590°C, and cooled in air. In this 
, owth or recrystallization there is no fault re- condition they consisted almost entirely of kappa 
4 oval with only a trace of alpha, and exhibited almost no 
re The Effect of Annealing for Segregation: Since streaks from faults when X ray patterns were pre- 
2 j ntreduction of a fault into the alpha phase pared. There continued to be no more than occa- 
2 traneforn 1 thin laver either to kappa or to ional faint streaks on the patterns when these 
a — t might be anticipated that there would samples were introduced into a furnace controlled 
Se ‘a tendency for diffusion to alter the composition at a temperature in the range of alpha precipita- 
of the fault with respect to the surro nding fn atrix on, held at 750°C for 1, 5, 15, 75, and 180 min, 
It nen possible to test this by annealin faulted and air cooled in coppel foil. After these precipita- 
oT a" steve . egation to occu without tion treatments the alloys consisted of alpha and 
- ftir wes tallization or appreciable sis kappa in roughly equal proportions. A sample of 
a t} \The expe ent is possible owing to the th eri introduced into a furnace at 820 C 
f k of coalescence of faults and the lack of spon- brought to temperature, and immediately air cooled 
; ; eneration of faults during annealing. If also vielded no streaks, though even this short time 
; 7 tion dos ccur. it would be expected to in of heating transformed roughly a third of the 
$i; the intensity of the streaks on the X ra ample from kappa to alpha (fig. 14). Had an ap- 
ia] preciable amount of faulting occurred early in the 
o kn apparent confirmation of this theory wa precipitation process all of the specimens just men+ 
ay 1 with an alloy of 5.39 pct silicon. for streak tioned should have vielded patterns with prominent 
venk were obtained after o treaks, for supplementary experimert show that 
ce ' ed. then quenched from 750°C. and faults can survive annealing for h at 750 C 
sheated to 780° for 8 min and slow cooled and micrographic studies” have shown that banded 
<9 r » 1 ifte he ‘ imple had been furthe: alpha plus kappa structures persist for hundreds of 
ed at 750°C fo hr the streaks were intense hours at this temperature 
13) and were ble at nea every pha Precipitation of Kappa from Alpha: A negligibl 
ot, 1 h the relative proportior f the phase amount of faulting was found after precipitation of 
+ ma the i ¢ appeared t email ibstantially kappa from alpha during air cooling Specimens 
tered. T ‘ t was cor med with another containing 39 pet Si were cold worked and an- 
pren er hich juenchit from 750 nealed at 820 C, which made them preponderantly 
( 1 me t treak but afte i subsequent alpha, then slowly withdrawn from the furnace and 
! ! t 1 C produced moderate! air cooled, the cooling time to 100°C being about 
eal » min. One of these showed no definite streaks from 
Whe ul pha phase alloy of 4.91 pet silicon wa faultiz the other showed a few very weak streaks 
* ched m oco Cc t mMiuce fault ibsequent ociated with about one out of ten of the well 
‘ f t t 0 6 lid not increase the exposed spe on the inner diffraction rings (fig. 15) 
i te { if the streak rl licates that anne (One may credit the traces of faulting to a failure 
vithin the alpt inge does not cool enough to avoid faulting from 
f ‘ tion on the fault ienchir to residual fault not removed by 
‘ itor i eared inter the nneali to the cooling.) That the heat treat- 
i ih hat occ ed with alpha imma a ment act caused a substantial amount of pre- 
i f ted sar es that had been aged one week at ( tation w made clear by comparing the patterns 
te ture it SOO elded streak m these pecimer vith the pattern of a speci- 
132. JOURNAL OF METALS, JAN. 1950, TRANSACTIONS AIME, VOL. 188 


t 


nat 


Fig. 12— 
Pattern of 
Cu+5.39 pet Si. 

Recrvystallized at 
e quenched 1 hr 
quenched 5 min 
air cooled 


Fig. 13 — Sample 
of fig. 12 after 
additional 3 hour 
anneal at 750° 
and air cooling. 


Fig. 14— 
Kappa alloy. 


5.39 pot Si recrystal 


lived at 600°C and 

tault-tree, heated tor 

ilpha precipitation to 

am slowly 
cooled 


Fig. 15— 
Alpha alloy 
5.39 pet Si recrystal 
ived at 822°C, slowly 


wed for precipita 
tron of happa 
men of the same composition that had been 


quenched from the same annealing temperature 


The slow cooling had increased the amount of 


from a trace to about 2/3 of the volume of the 


Kappa 


ample 

Discussion of Results 
The present experiment provide what is believed 
to be the first direct evidence of stacking disorde 
deformation of metal 


previously indirect 


generated during plastic 
crystals. There has 
evidence, such as that 
electron diffraction, that 
crystal destroved Kikuchi line 
othe 
that admit of other inter- 


been only 


furnished, for example. by 
tapping an aluminum 


without producing 


visible slip planes, and observations, men- 


tioned early in the pape 


Fault Spacings: Metallographic data would not 
indicate that faults would occur in the great num- 
bers and the close spacing that is necessary to pro- 
duce visible X ray diffraction streaks 
assumes that faults are left on an appreciable frac- 
tion of the active slip planes’ and uses the electron 
microscope data for the closest 
that measured, namely, 200 A, as ob 
erved in aluminum by Heidenreich and Shockley 
the faults would be an order of magnitude farther 
apart than those 
where faults every 
between the 


Even if one 


spaced slip plane 


have been 


found in the present research 
5 to 10 layers are common. The 
of faults in the 
that 


discrepancy pacing 


present research and the spacings of slip line 


have been observed in copper and bra Is even 


pretation 


vreater. If the 
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interpretation of the Cu-Si X ray 
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films is correct, the individual faults could not be 
seen metallographically, and strain markings are 
to be accounted for by clusters of faults, by some 


distortion, or by precipitation along slip planes 


Since sharp spots are located on the streaks in the 
diffraction films it is concluded that there are por- 


tions of each grain that are relatively perfect, and 


that the distribution of faults is very uneven. This 
upphes to faults of the type found below 5.0 pct 
sihcon, and also to the type found between 5.0 and 
94 pet silicon (the gamma’ type), and suggests 
igain that the strain markings involve clusters of 


fault In the discussion of the two types of streaks 
observed with alloys of varying silicon content it 
was pointed out that with alloys richer in silicon 


than 5.0 pct the distribution along the 
streaks is not as the computations 
based on table I. As the computations should apply 
ystals in which each layer is influenced as 
nearest neighboring layers and layers 
be concluded that more 


intensity 


predicted by 


only to ec 
to position by 
two 
distant 
the distribution of 
».4 pet silicon range 

Faulting vs. Stress for Flow: Per- 


faults ac- 


pacings distant, it may 
influence 
the 5.0- 


interact and 


faults in 


production of 


haps the 


os Log cen 


counts for strain hardening being so 
marked in Cu-Si alloys, especially 40 
in the higher ilicon alloys, when 


compared with Cu-Ni, Cu-Zn, and 
Cu-A 


alloys on an equal atomic per 


Expressed 


that result from slip in one slip direction should not 
interfere with slip on parallel planes, but would 
leave atoms at positions that one would expect 


would interfere with slip on planes cutting across 
The low strain hardening characteristics of 
hexagonal single crystals with 
centered cubic single crystals can be explained in 
the same way, for faults that result from slip on a 
basal plane should have little if any effect on slip 
on other basal planes 

The differing tendency in different 
harden latent slip planes seems likely to be caused 
by the differing faulting tendency. If so, this latent 


these 


compared face- 


allovs to 


slip plane hardening should be a maximum is 
crystals of Cu-Si near the maximum solubility limit 

Faults and Annealing Twins: For over twenty 
years the question of whether FCC metals twin 


during deformation has been discussed 
Mathewson and his coworkers have shown the at- 
tractiveness of the concept and have used it to ex- 


plain various metallographic and texture observa- 


cent basi fig. 16: and the fact that 
the indentation hardness increase pet 
one atomic per cent dissolved silicon 338 
eater than the increase in these ° 
illovs even though the change in lat- i 
tice parameter per atomic per cent 
added element is less in silicon than : 
in any of these. The unusually rapid nd 
‘ 
train hardening of Cu-Si alloys is 365 
iiso apparent in stress-strain curves 
f material that has been rolled to 
reductions 
Auction Hardness expres 
The tre at which the stress- 


rain curves deviate from a straight 
Lime inusually low when compared with Cu-Zr 
and Cu-Sn alloy though all these require about 
the same stre for 0.002 pet permanent set.” This 


ascribed to the ease of glide into the faulted posi- 
tion that would be faulting 


tendency is 


anticipated when the 


Faults and the Hardening of Latent Slip Planes: 
crystals by Maddin 


that strain hard- 


idence of lattice distortion are 


Recent research on alpha bras 
Mathewson and Hibbard 
ening and X ray e' 


lip cont 


how 


when ined to a sing 


le set of par- 


illel slip planes, or to two nonparallel sets of planes 
that use i commor! iip direction, wherea both 
train hardening and distortion become marked as 
oon as SLIp commences on plane having a different 

p direction. Th wher lide has to cut through 
previously lipped regions in directions different 
om the lip d ction eviously used he esult- 
! fisruption of the t ct ‘ evere This may 
bn nae { a tern of fault left at the site ot 
the active slip plane or faults in the FCC lattice 
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Fig. 16—Brinell hardness of copper-base alloys, after Norbury 


low trom the expression where is applied boas 


ducing ind lent of diameter 
tions. There has been objection on the basis that no 
mechanism is obvious by which a thick deformation 


twin can form, but the objection does not apply to 


faults, which have been regarded as very probable 
Recent experiments of Kronberg and Wilson” and 
the recent contributions from Yale University 

lend additional indirect support to the concept that 


leformation leaves faults and to the conclusion that 


intimately with the 


faults are associated origin ot 


annealing twins. Kronberg and Wilson find, for 
example that twin-free cubically aligned grain 
when lightly cold worked will recrystallize into 
grains containing many twins. (This experiment 
has been repeated and confirmed by the author.) 


And it 


is found that annealing twins have composi- 
the that 


during deformation, as if conditions in 


on piane parallel to slip planes have 


been active 


a slip band were appropriate to nucleating an an 


nealing twin. The present res'.Jts seem to leave no 
more room for doubt that d mation can intro- 
duce faults into at least some alloys 

Evidence is increasing that annealing twins car 
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originate when a growing grain encounters mat rial 
in twin or near-twin relationship to the orientation 
of the growing grain. The author has observed the 
reluctance of such material to be absorbed into 
growing single crystals of iron;” in recent experi- 
ments in this laboratory J. E. Burke has noted that 
annealing twins appear to originate in this way in 
copper, and J. B. Hess has noted that in gold, copper 
and Fe-Ni austenite, after grain growth there are 
large areas that are subdivided by twin boundaries 
further evidence that grains in twin relationship 
are stable during growth. The list of observations 
could be extended. It therefore seems probable that 
annealing twins can originate when a moving grain 
boundary encounters a properly oriented fault o1 
fault cluster, as well as a properly oriented grain. 
This point of view would account for the fact that 
the number of annealing twins in alpha Cu-Si alloys 
increases with silicon content because the number 


of faults increases 


Summary 


Stacking disorders in Cu-Si alloys were detected 
and analyzed by diffraction patterns made with 
polycrystalline samples oscillating through small 
angles by noting the direction, length, and intensity 
of non-Laue streaks 

Quenching or cold working supersaturated Cu-Si 
alloys in the range 4.0 to 54 pet Si introduces 
numerous faults in stacking, the faults occurring at 
intervals that reach a minimum of between five and 
ten atomic layers of the face-centered alpha solid 
solution. The faults are on the close-packed (111) 
planes of the lattice. This is believed to be the first 
direct proof of mechanically induced faulting of 
metals. The quenching is effective in fault produc- 
tion merely because it causes plastic strains 

In two-phase alpha plus kappa Cu-Si alloys the 
faults are parallel to the basal planes of the kappa 
close-packed ) as well as the (111) 
planes of alpha the mutual orientation 
of the two. Straining alloys with silicon in the range 
5.0 to 5.4 pet produces a faulted phase ( gamma’) 
is metastable and different from equilibriun 


(hexagonal 


because of 


which 


gamma; this phase is accurately oriented with re- 


spect to alpha and kappa and is probably coherent 
with alpha or kappa. The kappa phase has a negligi- 
ble tendency to faulting 

The spontaneous precipitation of alpha from 
kappa or of kappa from alpha produces little or no 
Thermal agitation during annealing near 
195 C and spontaneous 
eutectoid decomposition are also ineffective in gen- 


faulting 
the solidus, cooling to 
erating faults 

Specimens can be made substantially fault-free 
by recrystallizing and cooling slowly. But faulted 
material does not lose its faults during long anneal- 
ing unless recrystallization or grain growth occurs, 
ust as the banded kappa plus alpha microstructure 
resists coalescence indefinitely owing to the low in- 
terface energy 

The anomalously high strain hardening of solid 
solutions of Si in Cu may result from the faults and 
the abnormally frequent annealing twins in these 
alloys 
gested that the relative hardening of latent sliy 
planes may correlate with faulting tendency. The 


probably originate in the faults. It is sug- 


frequency of strain markings in micrographs cor- 
relates with the faulting tendency, though the faults 
are orders of magnitude closer to each other than 
are the visible strain markings 
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Undercooling of Minor 


Liquid Phases in Binary Alloys 


by Chih-Chung Wang 
and 
Cyril Stanley Smith 


‘Be RNBULL and } collaborator have de- heats to be obtained. Chromel-alumel thermocouple 
‘ the standard emf tables, since ex- 


the theory of homogeneous nucleation were used, with 


i upplhed ter alia, to solidification of liquid treme precision was not needed The crucible (*4 in 
meta Vonne t and Turnbull’ have shown that if id, 5/16 in. wall) was made of B & W K-29 insulat- 
liquid metal ibdivided into small droplets a ing brick. It held about 10 cc of the alloy being in- 
ast majority of them will undercool verv consid- vestigated. The cooling rate was 2.5 to 2.9 C per 
erably before solidification, generally to as low a min under a controlled temperature difference of 
bout 0.8 of the freezing temperature on the abso- pA | Approximate specific heats we re computed from 
lute ale he nuclei effective at small degrees of the inverse rate curves together with data from a 
pe ylir n bulk metal seem to be internal o1 blank run and from a standard run with a copper 
irface heterogene tic relatively small in numbet evlinder of known heat capacity 
If the metal i ibdivided, those droplets that hap The alloys for investigation were made from high- 
pen to contain ich nuclei will s« fy at a tem- purity metals (99.99 + pet) and cast into graphite 
perature not eatly below the true freezing point mold The castings were machined to fit the cru- 
but on i small part of the whole volume will be cible and to provide a hole for the inner thermo- 
flected and the ma ity of the drops will under- couple. Cooling curves were taken after heating to 
ool to the ich lower temperature at which homo- a temperature about 50° above the melting point 
CHIH-CHUNG WANG. Student Associate oha of the minor, lower melting-point, constituent 


Results 


, The lead phase in an alloy of copper with 5 pet 
ME N . Meeting, Feb. 1950 lead did not undercoo!l more than 3. below the melt- 
if f , pi / . ing point of lead (327 C) either as cast or after 
tior ef Apr. 1. 1950 nd w hy 
annealing to produce a new dispersion of the liquid 
\ pt rece ‘ Oct. 4, 1949 
phase. A copper-zinc-lead alloy with 23.75 pet zinc 
tof fl and 5 pet lead undercooled more but showed no 
ene cleut ecu ‘ iit of fluct ation 
I ty thermal effect below 319 C. A cast alloy of coppe: 
t occurre to one of the authors that an appro- . : : 
of Ai with 5 pet bismuth undercooled to 249 C (M.P. bis- 
te on te ve effective freedom fron 
, muth 271 C), but once solidification started it wa 
nuct is produced during the olidification -_ 
temperature. This was antici- 
oll ! that contain a@ mune amount ot a 
, ith forms a neariy continuou 
phase { mw metti point, and that one might then 
rains of copper, and a solid 
‘ n kead ndereoolit of the distributed 
ywhere would apidly con- 
‘ 


Experimental: 


vere 


work of liquid 


that of tl pure metal, and there 1 cal continuity of the liquid were broken through 


ttle { ther el n constitution on coolir nti olume change inadequate fluidity, or gas evolu- 
he lowe ‘ ! nt constituent Lreeze nat tion. Similar arguments apply in the case of copper- 
! t tate lead alloy where the lead-rich liquid forms a net- 


the 
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; 
4 
‘3 
| 
D 
4 | alloys selected for initial study 
with minor amounts of lead and bi 
muth, and aluminum with ti im all these alloy 
x the major component freezes at a temperature not ime the entire net. unless the physi- 
Co ake i e cont ed work along grain edge Mhugh not grain face In 
heat flow method ermitting approximate pectic both case there would be a few tsolated particle 


The tin tn an aluminum-tin alloy with 10 pct tin solidifies over a temperature 


range as high as 100°C. The tin is partly distributed in isolated droplets and the 
amount of undercooling depends on the chance presence of nuclei effective at various 
temperatures in drops of varying sizes. Heat treatment affects the size distribution 


and modifies the cooling curve. Similar behavior is to be expected in any alloy where 


the liquid is physically discontinuous and where solidification is not nucleated by a 
previously solidified constituent. It is probably the cause of some spurious arrests that 


of liquid which would undercool unless their solidi- 
fication were nucleated by the copper grains in 
which they are embedded, and it is assumed that 
this actually occurred 

Aiuminum-tin alloys with 10 and 20 wt pct tin 
did show the predicted behavior 

An alloy with 10 pet tin (2.5 at. pet: 4.0 vol. pet) 
was cast, rapidly reheated to 285 C and cooled, giv- 
ing the specific heat curve shown in fig. 1. A sharp 
arrest corresponding to the solidification of about 
two-thirds of the tin occurs at 221 C, which cor- 
responds to undercooling of 8 C below the eutectic 
at 229 C. Smaller, less sharp peaks appeared at 199 
and 167 C, and solidification was not complete until 
159 C. After the alloy had been given a prolonged 
anneal (8 hr at 480° C and furnace cooled) the high- 
est temperature peak in the specific heat curve was 
greatly decreased in area, while the lower ones in- 
creased, and a third much smaller one appeared at 
151 C (fig. 2). The total integrated heat due to the 


3 
» | 
| 
a 
| | 
| 0 | 
03} |] } 


Temperature *C 


have been observed in cooling curves of simple alloys. 


tin was about the same in all samples and corres- 
ponded to a latent heat of 15.4 to 16.3 cal per g of 
tin 

The cooling curve for a given sample was repro- 
ducible on subsequent reheating and cooling, but 
different samples gave curves differing in detail but 
alike in general features. The greatest degree of 
undercooling observed in any sample was 99°C (to 
130 C), compared with 110°, the maximum ob- 
tained by Vonnegut 

The details of these curves depend upon the pres- 
ence of nuclei of varying effectiveness (a function 
of their particular size, shape, and surface struc- 
ture) and the actual distribution of these nuclei 
among particles of tin of various sizes, which de- 
termines how much tin will be solidified by a given 
nucleus. The character of the nuclei is more or less 
beyond control, but the distribution of the tin is 
strongly influenced by thermal history. The differ- 
ence in behavior of the alloy after annealing is 
easily understood from its microstructure (fig. 3 and 
4). In the casting the liquid tin exists largely in the 
form of a continuous interdendritic network, while 
on annealing it collects under the influence of sur- 


1 OB col 


= 
| 
on 
150 75 200 225 250 


Temperature °C 


Fig. 2—Specific heat of same alloy as fig. 1, cooled after 
annealing 8 hours at 480°C. 


Total latent heat 15.4 cal per ¢ 


Fig. 


1—-(left) Apparent specific heat derived from 
cooling curve of cast 90-10 Al-Sn alloy. 


Total heat evolution due to tin solidification 16.3 cal per g of tin pres 


ent in the allo» 
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with a relatively 
network 


face tension into isolated droplets, 
mall amount retained in the continuous 
along grain edges 

For comparison with these alloys, an additional 
weight, and average com- 
symmetrically 


ample of the same shape 
position was made synthetically by 
drilling three 3/16 in. holes in a cylinder of pure 
and setting therein three separate pieces 
resulting 


aluminum 
of pure tin of appropriate weight. The 
shown 1n fig. 5, clearly shows arrests 


which by 


cooling curve 
corresponding to each of the three pieces, 
chance had tramp nuclei effective at different tem- 
curve was duplicated on remelting 
and again cooling how, with in- 
subdivision of the tin, the arrests integrate, 


peratures, The 
It is easy to see 


creased 


as in fig. 2, into a small increase of specific heat 


pread over a large range of temperature 
These suggest that the solidification 


f castings of alloys may be greatly extended 


eX pe riment 
per- 
haps occasionally with unpleasant practical results 
ible explanation for the spurious 


have 


The y provide a pos 
arrests in cooling curves that 
particularly the drop in 


and multiple 
been puzzling in the past 


eutectic or peritectic temperature often observed in 
cooling curves of alloys as the amount of liquid 
present at the ilidus temperature decreases. With- 


out a mechanism similar to the one proposed, the 
duration of the arrest should decrease, but not the 
temperature at which it occurs 

nae 
tent when the liquid i 
details of 


reooling will not occur to an abnormal ex- 


a major part of the alloy or 
when the olidification mechanism cause 


the liquid to be retained as a continuous network 
neither can it occur when one of the previously solid 


of the alloy serves as a nucleus for final 


olidification idual liquid 
It is possible that solid phases may 
and fail to transform at normal temperature 


constituent 


the re 


behave sim- 


when distributed in fine particles 


llv retained in the austenitic condition 


For example, iron 


can be partia 


on quenching a wo 


per and iron. Generally, however, the interface be- 


phase copper-rich allov of cop- 


tween two solid phases will itself serve to nucleate 
any possible transformation in either, and statistical 


volume-dependent nucleation is rarely involved 


Summary 
rhe tin in an aluminum-tin alloy with 10 pet tin 
olidifies over a temperature range as high as 100 C 
The tir partly distributed in tsolated droplets and 


the amount of undercooling depends on the chance 
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Fig. 3 (left)—Microstructure of 
eo « cast 90-10 Al-Sn alloy. X150. 
. Fig. 4 (right)—-Same as fig. 3, 
after annealing 8 hours at 480°C. 

X150. 


presence of nuclei effective at various temperatures 
in drops of varying sizes. Heat treatment affects the 
size distribution and modifies the cooling curve 
Similar behavior is to be expected in any alloy 
where the liquid is physically discontinuous and 
where solidification is not nucleated by a previously 
olidified constituent. It is probably the cause of 
ome spurious arrests that have been observed in 
cooling curves of simple alloys 
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Fig. 5—Apparent specific heat curve obtained from 
composite specimen. 
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Aging Behavior of a Zinc Alloy 


Containing 25 pct Manganese, 15 pct Copper, 0.1 pct Aluminum 


by P. W. Ramsey 
and 
G. L. Werley 


Describes aging changes in Zn-25 pct Mn-15 pct Cu-0.1 pct Al experimental 
die casting alloy in temperature range 60-185°C. The exponential increase of 
aging rate with temperature is used in predicting lower temperature behavior, and 
the analogy between aging and diffusion behavior is noted. Q values derived from 
aging rate curves show some agreement, ranging from 18,400 to 21,200 cal per 
g atom for the various property changes studied. 


HERE have been numerous examples in recent the greater the lower the melting point of the 


years of the similarity between aging behavior alloy, which is also true for D.” 

and diffusion behavior, where a plot of the loga- This paper describes the aging changes occurring 
rithm of the aging rate versus the reciprocal of the in a zinc-25 pct manganese-15 pct copper-0.1 pet 
absolute temperature yields an approximate straight aluminum die casting alloy.” It was found that this 
line, analogous to a similar plot of the diffusion alloy does show this linear relationship and use 
coefficient D (log D vs. 1/T) was made of this relationship to estimate aging 
Austin and Rickett’ have pointed out that this rates at low temperatures from data acquired at 
linear relationship holds empirically for the de- elevated termperatures. It should be noted that the 
aging reaction is being studied only indirectly, 
P. W. RAMSEY. Member AIME. and G. L. WERLEY using changes In certain properties as criteria of 
are Investigators, Technical Dept., The New Jersey the progress of the phenomenon. This alloy is 
Zine Co. (of Pa.), Palmerton, Pa purely an experimental one and is not available 

AIME New York Meeting, Feb. 1950 commercially 
TP 2766 E. Discussion (2 copies) may be sent to Zinc-Manganese-Copper System: The zince-rich 
Transactions AIME before Apr. 1, 1950, and is sched- portion of the zinc-manganese-copper diagram 


uled for publication Nov. 1950. Manuscript received 


which is of significance in the present work is quite 
Oct. 17, 1949 


uncertain. X ray examination of the alloy as die 
cast shows a phase similar to the epsilon phase 


composition of austenite into pearlite and bainite (hexagonal close packed) of the copper-zine sys- 
in carbon steels, and Robertson has shown similat tem. All of the data accumulated indicate that the 
trends in the aging of 24S-type aluminum alloys epsilon phase of the zinc-manganese-copper alloy 
Jenkins and Bucknall’ have also demonstrated the is stable at high temperatures; that is, 500°C or 
association between aging and diffusion rates for above. Below this temperature a new phase is pre- 
nickel-silicon-copper alloys. Jetter and Mehl,’ how- cipitated on annealing, and a decrease in specific 
ever, have shown that the maximum rate of dila- volume occurs. At elevated temperatures this phase 
tion of a series of aluminum-silicon alloys does change occurs quite rapidly, while at room tem- 
not show this linear relation and Mehl has pointed perature the alloy has shown no change after sev- 
out that careful study of available knowledge in- eral years. According to X ray data, this precipi- 
dicates that “aging rates increase with tempera- tated phase resembles the gamma phase (cubic) 
ture approximately exponentially, whereas D in- of the copper-zine system, a hard and brittle struc- 
creases precisely exponentially.” He further notes ture. From examination of the microstructure and 
that “the rate of aging at a given temperature } from X ray examination of the alloys annealed at 
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Fig. 1 — Miecro- 
structure of a 
zine alloy con- 
taining 25 pet 
Mn-15 pet Cu- 

0.1 pet Al. 
Aged at various 
| 
with beadlike 
An 
mo. a X% 1906 
Cored « with tine bead 
cutectowal pre 
| 
; | 
x 
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i 100 C, it appears that th 1a constituent i Material and Preparation of the Alloy: The alloy 
adepo i iit wundari Wi prepared from sp ial high grade zine elec- 


The ture f pecimer annealed at 
ilumina 


oo low o at these 
temper. m litional n codeposited 


with th amn phi fron original ey 


the 


lined ert i wit a mux ovel ‘was taken 


Oo prev fl gases from ng the melt 
an induction 
and die cast 

an 


machine Tabk 
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phase, the precipitated structure having @! ap- 
pearance of a eutectoid 
: The mu struct ‘ cast and afte annealing 1 
at various temperatures, are shown in fig. 1 cold chamber type MM: [| shows an 


analysis of the die cast test bars 


Aluminum Alloy 


and Results: Die 
were aged in an oil bath at 185 
*. and in air at 185 .165°, 145 


Procedure 


Experimental 
test bars 
145 and 100 
and 60 C 


and five impact 


In the former series 


specimens were 


aging times, and in the latter series groups of 
tensile and ten impact specimens were simi 
tested 

The contraction occurring during aging 


measured on 6-in. impact specimens, having 


groups of two te 


The alloy has a 185 ,. 165 , 145 , 100 


specific gravity of 7.47 are shown in fig. 2 
A few data were al 
Table I. Composition of the Zinc-Manganese-Copper- annealed 24 hr at 500°C 


cal curve for 
The 


are shown in table Il 


impact 
mechanical pro 


Table 
nese-Copper-Alvu 


cast 


165 


95 


nsile 


sted after various 


five Discussion of Resul 

larly between the logarithm 
erty 

was perature is demonstrat 

ma- fig. 3. These curve ha 


chined ends, using a micrometer of sensitivity 1x service life for the alloy at 
10 in. In addition tensile properties, impact For example, a drop it 
trength (Charpy). and hardness were obtained occurs after aging a few 
Values shown represent the averages of five de- vr at 60 C, and by 


terminations, except for impact trength where ten room temperatures. Ot 

bars were tested impact strength, if plotted 
Property-time curves were obtained for contrac- and straight line 

tion, impact strength, hardne tensile strength The effect of solution 

and tensile elongation at aging temperature ot 500 CC prior to 
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Fig. 2—The effect of aging 
on properties of 
alloy 
\ Mn-15 pet Cu-0.1 pet Al. 


strength 1 


(Alloy No. N217) 


extrapolation 


iging at 185 


a zine 
containing 25 pet 


various temperatures 


Log Time Properts A) Con 
tractior B) Impact Mrength. « 
Brine Hardness D Tensile 


Ration 


95 and 60 C. These 


© obtained on bat 


hown in fig 


pert of the alloy a 


uminum Alloy, As Cast 


relatior 


ts: The linear 


curves 


solution- 
prior to aging, and a typi- 


Mechanical Properties of the Zinc-Manga- 


hip 


of the time for given prop- 


ed for several 
ve been useful in ¢ 
Variou 
1 impact 
hour at 185°C 


about 70 y 


her increments of change 


vield parallel 


imilarly 
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Fig. 3—Effe’. of aging 

temperature on time re- 

quired for various 

changes in properties in 
as cast bars. 
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pact strength to 
YR drop .to 15 ft-Ib, 
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solution an- 
nealed bars. 


low tome vs. 1 T plot 


1900 
annealed bars, the solution anneal in effect doubling 
the expected service life 

The experimental data fit reasonably well the 
equation of Jenkins and Bucknall’: 


t K-10" 7 [1] 
or in more convenient form, 
m 
log t ~-+ log K 


T 


i 
for the time required to attain maximum hardness 
and tensile strength in the aging of nickel-silicon- 
copper alloys, where t is the time required for a 
certain property change at temperature T (ab- 
solute), and m and K are constants. This, as others 
have observed, is analogous to the equation for the 
variation of the diffusion coefficient D with tem- 
perature, 
RT [3] 
D Ae 
where Q is the activation heat of diffusion; T, the 
absolute temperature; R, the gas constant; and A, a 
constant 
As a matter of interest the derived Q values from 
the analogous diffusion equation were calculated 
from the curves in fig. 3 and are given in table II 
This quantity has been identified as Q’, heat of 
precipitation. No significance is attached to those 
values except insofar as they are an indication of 
a general mechanism involving diffusion by which 
the changes occurred, and are interrelated 


Table HI. Comparison of Q’ Values, “Heats of Pre- 
cipitation”, Derived from Curves in fig. 3 
Heat of Precim 
tation, O Cal 
per « Atom 


Property Change Plotted 


As indicated by the Q’ values the slopes of these 
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curves are quite similar, lending confidence that 


such property changes give a reliable measure of 
the aging rate 

This analysis while useful in predicting aging 
rates does not aid in understanding the mechanism 
of the aging process, and the data do not permit 
calculation of nucleation or growth rates 


Summary 

In the aging of a zine alloy containing 25 pct 
manganese, 15 pet copper and 0.1 pet aluminum 
the effect of time and temperature on changes of 
impact strength, hardness, tensile strength, tensile 
elongation and contraction can be expressed as: 

m 

og t log K 
which gives essentially linear plots of log t vs. 1/T 
This relationship has been useful in estimating the 
aging rates of the alloy at temperatures below those 
of the range investigated (60°-185 C) 

The analogy between aging behavior and diffu- 
sion has been noted, and Q values derived from 
aging rate curves show some agreement, ranging 
from 18,400 to 21,200 for the various property 
changes studied 
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Self-diffusion in by C. E. Birchenall 


and 
Alpha and Gamma Iron R. F. Mehl 


The self-diffusion coefficients for alpha and gamma iron have been measured 
trom 720 to 1357°C. The data approximately obey Do 2.3 x 10 e ™ ®" and 
D 58e " glthough there is evidence for curvature of the log D vs. 1/T 
plot for alpha iron. An appreciable grain size effect was noted. 


Y INCE Maxwell first considered the self-diffusion diffusion has as yet been proposed to account for all 
proce in 1872 its importance in the kinett the existing data and to permit estimation in othet 
4 theory of matter has been recognized. Until the dis- metals 

covery of isotopes in 1913, a direct measurement ol Experimental Part: Two units of radioactive iron 
this quantity seemed impossible. The only informa- were used in these experiments, each a mixture of 
tion that could be gathered indirectly was for gas- Fe and Fe Fe decays by K electron capture 
eous systems for which the kinetic theory was well and the emission of an X ray with a half life of 
developed. When methods of direct observation be- about 4 vears. Fe” emits two beta spectra, one with 
a maximum energy of 0.26 Mev, the other 0.46 Mev, 
m F BIRCHE VALI e 1 Me moer 0 “el Met and gamma rays of 1.1 and 1.3 Mev, with a half life 

terse rev i 4 rnegi t of ology 


of about 44 days. They were present in nearly equal 


Pitt ( 
R. F. MEHL. Men Direct Re concentration initially. The composite half life 
MEI Me MI cto leta te- 
earch Laborat ». Head. Dept f Meta rgical En- tarted at about 50 days and increased as the Fe 
ginee g. ¢ é f lecaved, leaving Fe relatively more abundant 
AIME New Y k Meeting, Feb. 1951 \fter aging a vear. the half life was too long to 
TP 2752 E. D O . pi may be sent t measure significant decay in a month. The absorp- 
t Vii hye ré ] 1950. ane wil bye ‘ 
Transactions AIM! ! 1 iy Sue tion properties also changed with time. Because of 
pul ed N 1950. M cript received Oct. 1 
the importance of the absorption coefficient in the 
; 
diffusion calculations, it was necessary to determing 
:, this quantity frequently over the period during 
came available, investigations on self-diffusion were : om, 
which these experiments were carried out. This cor- 
carried out condensed phase In metals these . 1 
. rection was unsuspected at the time of publication 
lata are presumably of potential L.nportance in the 
* j " of note on this work and accounts for the dis- 
ly of ystal tion, cree} inter 
, : . crepancy in alpha iron and for part of the discrep- 


ancy In gamma iron 


Independent experiments with the same activity 


é et t i t torn ind al 
f-diff ' +t nits indicated a radioactive contaminant in the 
t ! i 1 t cu i ut 
D A ron, but exhaustive attempts to isolate and identify 
‘ ‘ ‘ ‘ ‘ ‘ i 
chemically failed These experiments indicate 


resented only 
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yd 
| 
& 
: Following the prone work of Von Hevesy and 
his collal at who determined the rate of self- 
diffusion in lead with the naturally occurring thor- 
4 im-B otope eve i metal have been nvesti- 
vated PI \ \u and Cu are example ot 
otropic ervst exist n only one phase modifi- 
catior Anitsotror of diffusion has been demon- . 
trated R nd T} naner study of a 
to be internally consistent to about 10 to 15 pet, the ‘ 
curve ed bv different ith fiat 
; tors of 2 to 4 at the ime temperature TI ir that the contaminant rep a trace of 
Q eertaintv n T int n part. fe the failure to ttle importance in the diffusion results 
ye estat I iweessful « elation between the self The active iron was plated from an iron chloride 
aiff ite nad othe pt al cl te ti ot ‘ itor Enough of the solution was dropped on a 
the met N tisfaet the f metallic self 1! ! juare of filter paper to wet it thoroughly 


The paper was then placed on a platinum sheet 
anode and a circular iron disk of 1 in. diam and 14 
in. thickness placed on the paper. Active iron was 
plated upon the iron surface by passing a current 
through this assembly. The thickness of the plate, 
based on the measured activity, was of the order of 
0.02 microns or less. This could be considered an 
infinitely thin layer, since average diffusion dis- 
tances were about 50 microns 

The iron disks used in most of these experiments 
were machined from a 1 in. square forged bar of 
electrolytic iron melted under hydrogen (‘“West- 
inghouse puron”), containing oxygen as principal 
impurity and no other contaminants in more than 
trace amounts. The faces were ground parallel and 
one face of each disk was polished to 4-0 emery 
paper before plating. The plated disks were counted 
tor surface activity using a bell-type, thin mica 
window beta counter in a scale of sixty-four count- 
ing circuit. At first, points were taken over a period 
of two weeks or more to establish the decay line 
with considerable certainty, the samples counting 
at a rate between 1000-5000 counts per min above 
background. Later it became possible to decrease 
the number of counts taken. Concurrent control 
samples were counted to determine the change in 
half life with time 

Two disks of nearly the same surface activity 
were placed face to face without added pressure in 
a porcelain tube furnace to minimize vaporization 
losses. While the furnace was heating, it was alter- 
nately evacuated to about 10° cm and flushed with 
purified hydrogen. A charge of hydrogen (usually 
the third) at slightly greater than one atmosphere 
pressure was allowed to remain in the furnace tube 
during the diffusion heat treatment. The furnace 
was cooled to room temperature before the samples 


800°C T 900°C. 


were removed, except in one or two runs where hot 
samples were quenched in methanol 

For good results on gamma diffusion, samples had 
to be introduced into a furnace at temperature and 
quenched out at the end of the run to avoid large 
additional diffusion, (see footnote, p. 144), in the 
heating and cooling through the alpha range. During 
this process the grains of the specimens frequently 
grew to diameters of 1 to 2 mm and were easily 
visible to the naked eye. If the samples had not 
oxidized during the heat treatment they could be 
separated with no difficulty. If appreciable oxida- 
tion had occurred, separation could be accomplished 
only by force. These latter samples were discarded 
Oxide films were readily visible when present 

After diffusion, the samples were again counted 
for a period to establish the decay line, counts now 
falling in the range 350 to 3000 counts per min 
above background. A plot of logarithm of activity 
versus time was made and the decay lines before 
and after diffusion were extrapolated to some inter- 
mediate time. Values’ read directly from these 
curves gave the fraction of activity detectable at 
the surface after diffusion. Each point represents an 
average for the two disks 

Steigman, Shockley, and Nix" have given a mathe- 
matical analysis relating the decrease in surface 
activity to the diffusion coefficient, D, and the ab- 
sorption coefficient, «, for the radiation in the metal 
If the disk is thick compared to the depth of pene- 
tration of the diffusing atoms, the fraction, F, of 
activity observed at the surface after diffusion i: 
given to a very good approximation by 


where @ is the Gauss error integral and 
Z Dt [2] 
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Fig. 1—Self-diffusion in alpha iron. 
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where t is the time for which the sample was held at 
the diffusion temperature. It is convenient to make 
a table of F versus Z; from this, when F is deter- 
mined, Z may be read off 

The use of Eq 1 and 2 requires that the measured 
activity decrease exponentially with absorber thick- 


ness at least to the depth where contributions to 
the measured activity after diffusion from the pene- 
tration curve will be relatively small. This will de- 
pe nd to some extent upon the counting equipment 
ind geometry. The absorption curves measured here 
were found to satisfy these conditions 

The absorption coefficients were measured for 
aluminum. the effective coefficient indicating the 
proportion of betas and X rays being counted at a 

ven time. The mass absorption coefficient for betas 
is nearly the same for aluminum and iron. How- 
ever, it differs for X rays. This contribution was 
calculated for iron and an effective absorption co- 


efficient for iron was obtained by combining this 
with the beta contribution 

Although » was determined frequently, great pre- 
‘ ion cannot be claimed for the factor and the 


error in w (and D) from this source may be of the 
order of 15 to 20 pet for individual points. The 
values for « are higher and more precise than the 


lower one ince thev involve a greater number of 
measurements. Also the beta 
activity had become very 
mall, and the X ray re- 
maini obey the condition 
for the use of Eq 1 and 


pre ely 

remperature control of the 
furnaces Was maintained with <a 
automatic controllers operat- 
I on platinum, platinum- ; 5 
hodium thermocouple in- 
erted in the heating coil » 
The ample temperatures 
vere measured with 
chromel-alumel couple or 


ow temperature runs and Pt 


Mt-Rh for the highest tem- 


perature heathed in silica 
ube nserted to a point in 
he heating chamber directly 
above the imple This pro- 


cedure was established afte! 


mel couple 


cont 


ture measurement and con 
tre! for most rur are prob 
iblv of the order of 3 C al- 
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Table il 


An estimated overall uncertainty cannot be based 
upon these factors alone since the plated surfaces 
showed extreme susceptibility to oxidation and were 
easily damaged in handling. In addition, it should 
be noted that excellent internal consistency was at- 
tained by the observers of the self-diffusion co- 
efficients of copper though they disagreed markedly 
between themselves. These discrepancies do not 
seem to depend upon the method of observation 
that is. whether the decrease in surface activity was 
measured or whether the sample was sectioned by 
ayers to determine the penetration 


machining 
curve ince there seems to be little correlation of 
the relative values with method used. The purity 
factor seems to have little effect in coppet accord- 
ing to both Maier and Nelson’ and Steigman, Shock- 
lev. and Nix.” Maier and Nelson found grain siz 
effects to be very small and in the direction opposit 
to the expectation of faster int rgranular diffusion, 
while Steigman, Shockley, and Nix detected no 
trend at all. Nor does it seem likely that all of the 
discrepancy can be ascribed to errors In determining 
absorption coefficients. Two of the seres were 
determined by sectioning methods which would be 
insensitive to this factor. The other two may suffet 
from this source of error. Further, Seith and Keil 
found no grain size effect in lead self-diffusion. Until 


Table 1. Self-diffusion in Alpha Iron 


Materia 


Self-diffusion in Gamma Iron. 
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the reason for these large discrepancies has been 
ascertained it appears idle to ascribe great accuracy 
to any set of self-diffusion measurements. The aver- 
age uncertainty in the individual points given here 
is estimated to be about 25 pet, based upon the 
known sources of error. The log D vs. 1/T line 
should be much more precise than this 


Data: Table I records the data for alpha iron, the 
first six items representing pairs of puron disks, the 
following groups representing two or more pairs of 
samples run simultaneously to investigate the de- 
pendence of the diffusion coefficient on the source 
of iron or the effect of cold work prior to diffusion 
The cold work studies will be discussed by Ruder 
The table has columns in the following order: a 
number to identify the run, the temperature in de- 
grees centigrade, the time in seconds, the fraction of 
nitial activity observed after diffusion, Z calcu- 
lated from F by Eq 1, the square of the absorption 
coefficient at the time of the run, the diffusion co- 
efficient calculated from Eq 2, the reciprocal of the 
absolute temperature, and identification of the ma- 
terial used in the run. In addition to these samples, 
one welded couple was also run. The sections cut 
parallel to the weld interface were counted in the 
form Fe.O,. The resulting point is given in fig. 1; 
the data are plotted in fig. 2 for comparison with 
the penetration curve calculated for D 4.4 10 
cm per sec 

Table II gives the same record for gamma iron 
All of these samples were puron except pairs 6a 
and 6b; these were run simultaneously in order to 
be as closely comparable as possible. The difference 
in time given for 6a and 6b arises from the correc- 
tion for heating and cooling through the alpha 
An equivalent time was calculated on the 
basis of the alpha curve to give the same penetra- 


range 


tion at temperature. Had the two sets shown the 
ame diffusion coefficient at temperature the time 
corrections would have been the same. As men- 
tioned earlier, this correction was minimized on all 
other gamma samples by introducing them into a 


furnace at temperature and quenching at the end of 


All data from the tables are plotted in fig. 1 as 
log D against the reciprocal of the absolute tempera- 
ture, corresponding to the Arrhenius equation 


D = D, e@/R1 [3] 


where Q is called the activation energy, D, the 
frequency factor, R the gas constant, and T the 
absolute temperature 

Inserting the values from the curves in fig. 1 leads 
to the following equations in the above form 


Alpha iron: Da 2.3 10’ ee" RT 


Gamma iron: D 5.8 « RI 


Fig. 1 shows that at high temperatures in a 
Fe self-diffusion data in the three sources of iron 
are in good agreement However, as the tem- 
erature decline the livergence becomes quite 

‘ The hydrogen reduced carbonyl! iron, which 

the purest and the largest in grain size, gives the 


lowest self-diffusion rates. Puron, intermediate in 
grain size and purity, falls above this. The highest 
rates were observed in the fine grained commercial 
steel 

Two pairs of disks, 6a and 6b, were run at 970 C 
in the gamma range; 6a was of carbonyl! iron, 6b of 
commercial sheet. The carbonyl iron point seems 
to be in excellent agreement with the puron samples 
run at higher temperatures, falling on the extra- 
polated curve for puron, but the commercial iron 
gave a much higher value. Since the heating and 
cooling correction was large, the agreement for 6a 
and the puron samples may be fortuitous. It was 
also observed that the initial large grains of car- 
bony! tron (6a) recrystallized during the cycle to 
produce much finer grains. There was no way to 
decide whether either of these corresponded to the 
grain size at temperature, so no further studies of 
this kind were attempted in the gamma range 

On the alpha iron curve four sets of points are 
of interest. At 900°, 825 
ried out using a pair of carbonyl iron samples and 
a pair of commercial steel disks. At the highest tem- 
perature the two sets gave nearly identical results 
at the intermediate temperature the separation was 
greater but of the order of the experimental scatter 
observed, the carbony! iron giving the higher result 
At the lowest temperature the difference seemed 
too great to be experimental error, and the carbonyl 
iron, with the largest grain size, was much the 
lowe! 


, and 725 C runs were car- 


To check this last point a group of four pairs of 
samples was run at 750°C 
pair was puron (10b), another commercial iron 
(10a), and the remaining two sets of carbonyl! iron 
had different grain sizes. One of the carbonyl! iron 


in the alpha range. One 


sets had grains of an average diameter of 5 mm 
(10c), but the other set (10d), had recrystallized 
when heated into the gamma range in an earliet 
experiment to produce surface grains of about one 
tenth this diameter. The surfaces were machined to 
remove the radio-iron, repolished and replated with 
active iron. After diffusion the radioactive layer 
were again machined off, the faces polished to 4/0 
paper and etched with 3 pct nital. The 10d faces 
stowed chiefly large grains like the other set al- 
though a few were broken into fine grains. The back 
faces were all fine grained with diameters averaging 
about 0.5 mm. At this point the whole sample was 
about 1/16 in. thick. It is not certain whether diffu- 
sion in this set of samples was in the fine grained 
or large grained part, so great weight cannot be 
given to this 

The results for the two sets of carbonyl iron disks 
(10c, d) were indistinguishable, the puron (10b) 
was higher and the commercial iron (10a) wa 
much higher. This leaves little doubt that in the 
lower part of the alpha range (and probably in the 
lower part of the gamma range) where the volume 
diffusion coefficient is very low, a large part of the 
diffusion may occur in grain boundarie 

It has been mentioned that in lead and coppe! 
elf-diffusion, no grain boundary diffusion effect ha 
been observed. In carbonyl iron a possible ten fold 
decrease in grain diameter produced no difference 


sut in puron and a commercial iron a marked in- 
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in iron when the solute is dilute or when the con- 


crease was noted. There are two possible contribut- 

ine factors which vary from one iron to the othet centration dependence curves are extrapolated to 
rain size and purity. The two are not unrelated for very dilute solution. Such a comparison Is avail- 

it would be a major feat to grow 5 mm grains In the able in fig. 3. In all these cases except molybdenum 
commercial sheet in gamma iron solubility is appreciable This excep- 
The lack of grain size effects in very pure metals tion represents the largest displacement from the 
(carbonyl iron, lead, copper) and their presence In self-diffusion curve. The manganese and nickel 

le pure metals and many alloys may po sibly be curves lie very close to that for gamma self-diffu- 
explained in the following way: A grain boundary sion except for a lower activation energy The 
in a verv pure metal must be very similar to intra- alpha iron self-diffusion curve agrees well with 
ranular regions. offering little increase in mobility molybdenum diffusion by extrapolating to common 

to the atoms in its vicinity. However, it may act a intermediate temperatures. This overall agreement 
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Fig. 2—Penetration Curve for welded puron sample. 
The 


sec points 


4.4010 
determined 


The solid line is calculated tor cm’ per 


qa \ are experimentally 


Cm 


be regarded as good support for the absolute 


4 site for the accumulation of dissolved impuritie must 
whose presence modific ts properties out of pro- values of the sets of diffusion data involved 
‘| portion to their overall concentration. Inspection of At the transformation temperature, 910°C, the 
# the diffusion literature arouses the ispicion that self-diffusion coefficient of alpha iron is about 660 
ome of its inconsistencle irise in this manne! times as large as that for gamma iron. For molyb- 
Th not a new ice nor is it without parallel denum the rate is about 100 times faster while 
F ippe Me irements on anelasticity how that Stanlev finds that for carbon the factor 1s about 
rain bounda elaxation sometimes has an activa- 400. Though of the same order of magnitude the 
tion en erv near that for volume diffusion differences are appreciable. No explanation can be 
ndicatit that the ain bounda may not differ given at this time to account for the size of the 
markedly If n the t k materia vith respect t factor or its variation with composition, but it 
? the mot t itoms. It ild be desirable to Know eems reasonable to expect higher rates In the less 
howeve vhict n ‘ ire irface active closely pac ked system 
5 educe the face nsion of the metal, and which Within the experimental error the activation 
ire the converse. T technique ed for pure cop- energies in the two phases are in agreement, al- 
pe t Ud Shale ind Wulff might be usetu though the difference is of about the same magni- 
for tl \ direct n wurement of concentration I tude and direction as that reported by Ham for 
sin boundaries might be btainable in extreme molybdenum diffusion. Inspection of the data for 
Cust by aut tie h it idioactive m- Ipha iron, both self-diffusion and molybdenum 
a puritic diffusion. and the higher activation energy ob- 
Rhine nd Met have igovested that the diffu- tained by Ke for grain boundary relaxation 1n 
. ol te n dilute pha 1 tior f coppe ron at 490°C suggests that log D may not be a 
DI te the « ‘ elf itu t te. Furthe near function of the reciprocal of the tempera- 
' t this 1 ciple nd ad n of it ture ove a wide range of temperature Such a 
necessarv to fit all of the elf-diffusion 
F el 
: tentative equations of Coher Bakalar, and 
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here although the slopes of the curves differ con- 
siderably 
Summary 

1. Self-diffusion coefficients have been measured 
for alpha and gamma iron over the temperature 
range 720° to 1357 C 

2. At the transformation temperature the rate is 
about 660 times faster in alpha iron than in 
Zamma iron 
The activation energies were found to be 73 k 
cal per mol for alpha iron and 74 k cal per mol 
for gamma iron. This difference is probably less 


D, cm*; Sec 


i 10 3 8 7 6 5 


x 10°, °K 


than the experimental uncertainty 

4. A grain size effect was noted at the lower tem- 
peratures studies in the alpha range (and per- 
haps at the lowest temperature in the gamma) 
This effect may be related to the purity of the 
material used 

> The data agree well with the rates of diffusion 
of molybdenum, manganese and nickel in dilute 


olution in iron 


Acknowledgments 


The authors are grateful to the Office of Naval 
fesearch for their support of this work. The radio- 
active iron used in this investigation was obtained 
from the Isotopes Division, U. S. Atomic Energy 
Commission 

The counting was carried out by a staff first 
under the direction of Dr. C. Schwob and later 
under L. F. Gronholz. Assistance in making several 
runs was provided by W. Batz, R. C. Ruder, and 
Miss Helen Burgess. The authors gratefully ac- 
knowledge this help. Special thanks are due to 
Dr. Morris Cohen, M.LT.. for discovering an error 
in the absorption coefficients used in calculating 
the results given in the original manuscript 


C. Maxwell: Theory 
Green (1921) 


G. von Hevesy 
W. A. Johnson: Trans 
‘A. M. Sagrubskii 


12, 118 
nat., Ser 


Bull 
phys. (1937), 
cKay Trans. Farad. Soc. (1938) 34, 


J. Steigman, W. She 
Rev. (1939) 


BV 


Mo 


M 


Acad. S« 


56, 13 
Rollin: Phys. } 


References 


of Heat. (1872). Longmans, 


Trans. Farad. Soc. (1938) 34, 


AIME (1941) 143, 107 


841 


Phys. Ztsch. Sowjetunion (1937) 


i. US.S.R., Classe sci. math 


No. 6, 903 


845 


wkley and F. C. Nix Phys 


Rev. (1939) 55, 231 


Fig. 3—Diffusion in dilute solution in iron compared 


with self diffusion. 


et 


25. Mn, ref 


2 Ni, ret. 22 


M.S. Maier and H. R. Nelson: Trans. AIME (1942) 


147, 39 


C. L. Raynor, L. Thon 
A.S.M. (1942) 


W. Se 
P. Miller 


Catalog and Price 


C.E 


W. Seith 


5, 104 
R. E 
T. S. Ke 
H. Udin, 


ith 


30, 313 
Ztsch. Ele 


and F. Ban 
U.S. Atomic Energy 


Jirchenall and 
(1948): Min ng and Met 


ind A. Kei 


Ruder To be 


(1949) 185, 


F. N. Rhines and R 
128, 185 

D. E. Thomas and C 
lished 

J. L. Ham 

C. Wells and R. F 
145, 315 

C. Wells and R. F 
145, 329 

M. Cohen, D. Bakal: 


ported by 


Jnl. Appl 


A. J. Shale 
186. Jul. of 


TRANSACTIONS AIME, VOL 


massen, and L. J. Rouse: Trans 


ktrochem. (1933) 39, 538 


ks: Phys. Rev. (1942) 61, 648 
Commission, Isotopes Branch 


List No. 2. Revised Sept. 1947 


R. F. Mehl: Jul. Appl. Phys 


allurgy (1947) 


l Ztsch. Metallkunde (1933) 


published 
Phy (1949) 20, 274 


r, and J. Wulff: Trans. AIME 


Metals, Feb. 1949 


F. Mehl: Trans. AIME (1938) 


E. Birchenall To be 


Trans. A.S.M. (1945) 35, 331 
Mehl Trans. AIME (1941) 


Lenel 


188, JAN 


pub- 


Mehl Tran AIME (1941) 


ar and F. S. Buffington 
Metal Progre (1949) 56 


1950, JOURNAL OF METALS 


Re 


576 


149 


: 
J 
y | ] 
DIFFUSION 
IN IRON | 
| | | 
| j | | 
| 
| | 
| | 1 ‘ 
} | 
| 
| 
mn, 
| 
/ 
| 
| so/| /so 
| / | 
10 
‘ 
A 
/ 
: 
| 
= 
4 


Plastic Deformation 


in the Rolling Process 


The distribution of principal strains within a bar after a 20 pct rolling reduction 


by B. L. Averbach 


was determined by radiographing a lead grid imbedded in a cast tin bar. Axial 
and vertical principal strains of about the same magnitude and direction as those 
reported by others at the surface of a bar were observed in the interior. The lateral 
principal strain, however, changed from tension at the center of the bar to compres- 
sion midway between the center and the outside in a section perpendicular to the 


‘T HI proce may be considered as a cast 
of a nonhomogeneous plastic flow. In such a 
heterogenes jeformation there is no direct gen- 


era olution, and the plastic deformation varies 


om point to point as a function of the coordinate 


I practicable to determine these plastic strains 
B. L. AVERBACH isst. Professor, Dept. of Metal- 
Inst ogy. Cambridge, Mass 
N y Veet Feb. 1950 
Disceu m may be ent to Transaction 
of 195 cheduled for pub- 
N 0. M uscript received Sept. 30, 1949 
mi at the conclusion of the rolling process, and 
the rat} trains can be studied by observing the 
eformations produced in a suitably placed grid 
Strains at the irface of a bar after rolling have 
beer eported by MacGregor and Coffin,’ but the 
t n distribution within the bar have not been 
‘ ibserved. Siebel has investigated the 
tic deformation esulting from wire-drawing 
t plittir the wire alon it axl milling a grid 
diricite tem on the inner plane surfaces, and 
l ti the e togethe o that it would pull 
tl ha di a single unit. This method wa 
ble because of the otational symmetry of the 
thie n proce howevet! uch a system 
not readily appheable. This paper describes 
not method f including a grid system, and 
ey t ome preliminary data on the plastic roll- 
within a square bat 
Experimental Procedure 
\ network grid containing squares approximately 


roll axis. 


2.1 mm wide (144 network squares per sq in.) was 
punched from a thin lead sheet with a steel die and 
supported in a brass mold by thin copper wires 
Pure tin was then poured around the grid to form 
a solid bar, with the network securely imbedded 
at a given position. This bar was then machined 
t mm (0.60 in.) wide, and then radio- 


a square 15.2 
graphed 

The lead grid was quite adherent and sufficiently 
ductile to follow the deformation of the bar faith- 
fully. The network lines also remained = sharp 
enough to maintain a high radiographic contrast 
and the tin bar, with the grid included, could with- 
stand considerable deformation at room tempera 
ture without splitting at the interface. In order to 
fill the mold, it was necessary to cast the tin at 
260-280 C and during pouring the lead grid was 
upported at short intervals to prevent warping 
Some shrinkage cavities were encountered, but 
only bars which were free of shrinkage in the net- 
work region were used. This method is similar to 
the one emploved by Steinberg in an investigation 
of the strain distribution in a tensile specimen 

Before rolling, the machined bars were radio- 
graphed in two directions to obtain accurate initial 
dimensions of each square and to observe whether 
the grid was straight and correctly positioned. The 
rolling was performed in a small hand mill with 
- in. diam rolls at room temperature, and a 20 pct 
reduction based on the original height was em- 
ployed. The rolls were clean and no lubricant was 
ed. Halfway through the bar, at the center of the 


network, the rolls were reversed and the bar ex- 


tracted. These bars were then radiographed again 
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in both directions to detect any warping, and the 
final dimensions of each grid square after deforma- 
tion were obtained. Fine-grained X ray film was 
employed, and the radiographs were enlarged by 

a factor of four for measurement 
Bars were rolled at the same setting with grids 
in four different positions. If we define the X direc- 
SECTION | tion as the longitudinal axial direction of the bar, 
the Y direction as the vertical height, and the Z 


SECTION | — GRID AT CENTER 


SECTION 2 


€, 


STREAMLINES 


o° 
+t- 


o° 
{ CENTER LINE 


x (mm) 


* ANGLE BETWEEN HORIZONTAL AND €, 


CONTOUR OF GRID AFTER ROLLING i t -{- 
o° 
Fig. 1—Positions of lead grid and measuring positions a 
in tin bar after rolling. O° ENTER LINE 
All dimensions in mm +f- = 


x (mm) 


SECTION 2— GRID MIDWAY BETWEEN 
CENTER AND EDGE 


CONTOUR OF BAR AFTER ROLLING 


€, Fig. 2 (above) —Directions of 
principal strains «, « 
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Fig. 3 (left) —Principal strains. 
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the lateral width, the positions of the 
vrids may be described as follows 
Section 1. XY plane at the 
perpendicular to the roll 


direction as 
center of bar, Le., 
iXis 

Section 2. XY plane, 7.6 mm (0.15 in.) from the 
center line, i.e., midway between the center and 
the side 
Section 3. XZ plane at the center of the bar, Le., 
parallel to the roll axis 

Section 4. XZ 


midway 


mm above the center 


between the center and the top 


plane, 7.6 
line, 
urtace 
The lateral 

o small for 


3 and 
measurement and 
taken 


posi- 


trains obtained from Sections 
accurate 

computations which 
from Sections 1 and 2. Fig. 1 
tions of the “ad and 


follow 
illustrates the 
shows the coordinate 


were 


screens 


and aver- 
Corresponding paral- 
lelograms on each side of the center line were also 
averaged. 3. The angular distortion or shear angle, 
&, was measured for each parallelogram. Since the 
vertical lines in fig. 1 remained essentially per- 
pendicular to the longitudinal after rolling, 
this angle was taken as the one between the hori- 
zontal axis and the deformed axial side of the net- 
work squares. 4. The vertical distance of the center 
of each distorted grid square from the central axis 
of the bar. 5. The distance of the center of each dis- 
torted square along the longitudinal axis of the bar 
The origin was taken as the first without 
plastic deformation 


and heights were measured separately 
aged for each parallelogram 


square 


Results 
None of the grids was warped as a result of roll- 
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—e— SECTION 2 GRID MIDWAY 
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cribe the 
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and 


the loci of 


positions of 
treamline 
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consecutive 
The origin for all measure- 
1. The 


were 


row of squares which 
longitudinal and verti- 
from 
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evaluated directly 
the lateral strains « 
that the volume does 
This 


theories, and 


nption 
c deformation 
ic flow 


ised are listed in 


oon each 
h quare 
dimension 


The base 


formation 


Fig. 4—Principal strains. 
Streamlines IV. 


taken to indicate that the 


perpendicular to the 


ing and this may be 


lateral principal strain, is 
XY plane, i-e., parallel to the roll axis The 
trains, «.. «. «. were calculated 
The 


square from the measured 


between the 


natural 


sions given in the appendix hea! 


uted for each 
distortions 


then com} 
and the angle, a 
principal and the 
calculated from Eq 5 in the appendix 


solved for 


angular 
horizontal axis wi 
Mohr’'s circle 
and the 


strain 


was each position principal 


strains were thus obtained 


Fig. 2 shows the directions of the principal 


positions in the bar 


trains 
and the 


with those 


« and «, at various 


values for the angle a agree quite well 
MacGregor and Coffin under 
The 


plotted in fig 


obtained by omewhat 


different conditions values for the pr 


3-5 and the 
similar to thos 


and Coffin. The 


incipal 
values for « 
obtained by 


however, 


tral are 
and « are 
MacGregor 


also quite 
values of 
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showed an unexpected peculiarity. These strains 
are, of course, quite small in magnitude since there 
is very little increase in width as a result of rolling 
At the center of the bar (Section 1) there was a 
small tensional lateral strain, as would be expected 
Midway between the center and the side, howevet 
(Section 2) the lateral strain was one of compres- 
sion although still quite small. The presence of this 
compressional strain was observed on each of the 
streamlines and it seems as if the effect must be 
real. The lateral strains were calculated on the 
basis that «+«+e«-—0. This relationship would 
have to be in error by 50 pct to account for the 
observed compressional lateral strains, and devia- 
tions of this magnitude have not been observed 
The values for the lateral strains are also well be- 
020 
CONTOUR OF BAR AFTER ROLLING 


—-—e-— SECTION | GRID AT 
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—e— SECTION 2 GRID MIDWAY 
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Appendix 
In the calculation of principal strains the follow- 
ing formulas were used 
l 
] 


CENTER 


BETWEEN CENTER 


ANO EDGE 


Bey 


a 
wo 
4 
= 
a 
a 


COMPRESSION 


0.20 


yond the experimental error. It is to be emphasized 
however, that these grids were comparatively large 
and that a more precise survey with a final grid 
system would be in order 
Conclusions 

The distribution principal strains within a 
bar as a result of a 20 pet rolling reduction wa 
determined as a function of the coordinates. The 
axial and vertical principal strains have about the 


same magnitudes and directions as those previously 


determined by others at the surface of a bar. The 
lateral principal strain, however, changes from ten- 
sion at the center of } ) t compression mid 
wav between the center and 


tion perpendicular to the roll ax 
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Fig. 5—Principal strains. 
Streamlines I, V. 


axial strain 

vertical strain 

lateral strain 

final length of grid in a direction 
original length of grid 

final length of grid in y direction 


hear strain 


observed ang between horizontal ax! 
and deformed side of network square 
angle between principal train « and 
horizontal axis 


ipal strains in axial, vertical 
rection Solved graphically 
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The Effects of Nitrogen, Iron, or Nickel Upon 


the Alpha-Beta Transformation and Gamma Precipitation in 


Cobalt-Chromium Alloys 


by A. R. Elsea and C. C. McBride 


This paper describes a metallographic investigation of the influence of nitrogen, 
iron, or nickel additions upon the transformation and precipitation reactions occur- 
ring in cobalt-rich cobalt-chromium alloys. It is shown that nitrogen, iron, or nickel 
additions lower the alpha-beta transformation temperature range and tend to pro- 

mote the formation of gamma phase. 


H IGH-TEMPERATURE alloys, that is, alloys a result, the cobalt-chromium binary diagram was 


that are ong at high te mperatures, have be- determined as the first phase of this investigation 
come increasingly important with the development This diagram is shown in fig. 1 
of modern aircraft engine Many alloys of this type During the study of the cobalt-chromium binary 
are available. However, metallurgists do not have system, it was learned that these alloys may pick uy 
i clear understanding of the phases or structures considerable nitrogen when melted and heat treated 
which are responsible for these high-temperature in air. The extent to which nitrogen affects the 
propertie If these basic factors were understood, various reactions in cobalt-chromium base alloys 
it might be possible to make better or cheaper al- was not Known, but there were indications that this 
loys for service at high temperature impurity might be responsible for some of the er- 
For tt reason, an investigation of the funda- ratic test results obtained for vitallium. Conse- 
menta ete I moting high-temperature strength quently, nitrogen was the first ternary addition 


studied. Thereafter the work was extended to ter- 
nary additions of iron and of nickel 


1. R. ELSEA, Member AIME iC. C McBRIDE 

re A tant Sun ind Research Engineer of This paper describes the investigation of the 
Vet vit Engineering respectively Battelle effects of nitrogen, iron, and nickel upon the reac- 
Me tion in cobalt-chromium alloys with 80:20 and 

‘ the or p of the 68:32 cobalt-chromium ratios 

Res U. S. Navy, Co ct NSo Experimental Work 

1IME New ¥ Meeting. Feb. 1950 Alloy Preparation: A series of cobalt-chromium 

TP E. D > ¢ P may be sent to base alloys containing various amounts of the third 
lransactior 1IME before Apr. 1, 1950, an¢ ched element being studied were made for both the 80:20 
\ 1950. M script received and the 68:32 cobalt-chromium ratios 
Oct. 13, 1949 Electrolytic chromium, cobalt, and iron, and re- 

agent-grade nickel powder were used as melting 

n allovs wa tarted at Battelle lemorial Institute tock Table I contains the chemical analvses of 
Th was to have included a study of the relation- these materials. The charges were melted in alun- 
hip between the structure and properties of cobalt- lum thimble crucibles which absorbed chromium 
chromium base alloys of the vitallium type. It soon oxide and effectively deoxidized the melt These 
became cl that the structure of vitallium is quite crucibles were supported by close-fitting graphite 
complex i that the equilil im diagrams which sleeve © that if they cracked during melting the 
hould explain these structures were unreliable. A metal would not be lost. Carbon increases, during 
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melting, ranged from 0.08 to 0.1 pct; however, dur- 
ing subsequent homogenization, the carbon was re- 
duced to within the limits of 0.01 to 0.05 pet which 
was considered satisfactory 

The melting furnace consisted of a vertical por- 
celain tube heated by a tubular Globar element and 
was designed for either vacuum or controlled-at- 
mosphere melting Nitrogen atmospheres were 
obtained by passing tank nitrogen through a drying 
tower containing magnesium perchlorate and then 
through the furnace When atmospheres 
were used, tank argon (99.87 pet argon) was passed 
through magnesium remove the 
moisture and then through a container of titanium 
metal granules heated to 750 C for removal of 
nitrogen and oxygen 

The melts were briefly stirred 
and then centrifugally into 
ment molds yielding 3/16 by 


areon 


perchlorate to 


casting 
invest- 


prior to 
precision 
rectangular 


cast 


Table I. Analyses of Melting Steck 


Element 


Table Hl. Chemical Analyses and Melting and Homogenizing Data for 


Cobalt-Chromium-Nitrogen Alloys 


Analysis, Per Cent 
Atrer Homogenising 


Analysis 


ot. As Can Homogenizing 


Melting 
Atmosphere Atmosphere 


Cr 
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Fig. 1—(above) Equi- 

librium diagram for 

the cobalt-chromium 
binary system. 
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Fig. 2—Nitrogen pickup in cobalt-chromium alloys 
heated in air at 900°C (1650°F). 


bars about 5 in. long. In the early stages of the 
investigation, chemical analyses were obtained for 
the tops and bottoms of the as-cast bars to deter- 
mine melting losses and uniformity 

Heat Treatment: Two types of furnaces were 
used in the heat-treating operations. Both types 
were combustion tube furnaces which could be sup- 
plied with either purified argon or dry nitrogen at- 
mospheres. The furnaces used for heat treatment 
at temperatures above 1050°C were heated by pin- 
type Globar elements and could be controlled to 
within +5 C. Heat treatments at temperatures be- 
low 1050°C were conducted in chromel resistance 
wound furnaces, designed to maintain the desired 
temperature to within +=2°C 

The cast bar stock was homogenized for 50 hr at 
1260 C and water quenched. Metallographic ex- 
amination of the homogenized stock showed that it 
was free from miuicrosegregation Chips were ob- 
tained from the tops and bottoms of the homogen- 
ized bars for chemical analyses 

Specimens of the homogenized alloys were heat 
treated for 50 hr at temperatures in the range of 
625 to 1025 C and water quenched to room tem- 
perature. In general, temperatures at 25°C inter- 
vals within the above-mentioned temperature range 
were selected for the heat treatments. The speci- 
mens were then subjected to metallographic 
examination to determine the phases present. The 
phases were identified, using the procedure de- 
scribed in an earlier paper Results of this exam- 
ination, plotted as a function of temperature and 
composition, showed the effects of the third element 
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Fig. 4—Alpha plus 
beta temperature 
range and gamma 

precipitation 


as a tunction of nitrogen con 

tent tor cobalt-chromium-ni 

trogen alloys conmtaming 
to 32.4 pet chromium 


TEMPERATURE, 


Fig. 5—Alpha plus trace beta 


6 pet N Heat treated for 10° 
hr at 


Fig. 6—(left) Beta 


5.566 pet N Heat treated for 10° 
hr at 784°C 


J—(right) Alpha plus 
2 pet beta 
Heat treated tor 


above) «micrographs 


nitrogen lowered the alpha-beta trans 
formation about 27°¢ 
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252N (reduced one third in repro bd 
duction) show the effect of nitrogen ° . 
additions upon the alpha-beta trans 
formation temperature range of co 
balt-chromium alloys containing ap 
proximately 22 pet chromium. Fig. 5 
und 6 illustrate specimens containing 
pet nitrogen alter heat treat > nd 
ment tor 120 hr at SO8® and 784°C 
respectively. The specimen shown in 
fie. 7 contained 2.951 pet nitrogen 
und was heat treated for 120 hr at ~ 4y 
"81°C; this shows about the same ‘ . © 
amount of alpha as that observed in e 


upon the Ipha-beta transformation temperature 


range and the precipitation of gamma 


The transformations in these alloys are very 
luggish; consequently, the results obtained from 
ome of the test how only trend Later in thi 
eport, a description is given of an experimental 
technique ised to determine more accurately the 
limits of the reactions in certain of the allovs. How- 
ever, In most case the results obtained from the 


tests described above were considered to be suffi- 


ently accurate 


The Effect of Nitrogen Additions on the Alpha- 
Beta Transformation Temperature Range and the 
Precipitation of Gamma in Cobalt-Chromium Base 
Alloys: Table II gives the chemical composition 
and melting and homogenizing data for the cobalt- 
chromium-nitrogen alloy 

Alloy T-4-G represents the lowest nitrogen con- 
tent that was obtained in the alloys containing ap- 


proximately 32 pet chromium. Alloy T-5 was made 
with the same melting stock as that used for Alloy 
r-4-G, the only difference being that Alloy T-5 was 
melted in an atmosphere of dry nitrogen. The 
method of preparing Alloy T-70 wa imilar to that 


for Alloy T-5, except that the chromium melting 
ock for Alloy T-70 was previously treated for 
t's hr at 1300 C in an atmosphere of dry nitrogen, 


after which it contained 1.1 pet nitrogen Alloy 
r-70 was expected to contain the maximum nitro- 
en content to illo 0 m content 
The chemu that, re 

ile of vhethe ordinar, ‘ h-nitrogen 
chromium wa ed as melting stock, melting unde 

a nitroger itmosphere resulted i i nitrogen 
content of approximately 0.28 pet. However, alloy 
vhich were de ed to be high in nitrogen had 0.3 
pct nitroger idded to the cha ‘ n the form of 
h-nit en chromium (containir 11.1 pet nitro- 
en), to insure an exce of nitrogen durir melting 
Furthe va tion n nitrogen content vere ob- 
tained t hon er ! n eithe dry nitrogen o 


The enera procedure used fo controll 
nitrogen content wa i follow Melting and 
homover purified a or produced allovs 
vith the lowest nitrogen content Melting in nitro- 
er ind hon el i irgon produced alloy 
vith ht higher nitrogen content Melting in 
ingot ind homoger n nitrogen produced al 
n with } hye nitrover ontent and 
hom er ! nitrogen produced ‘ with the 

hest nit n content These re t how that 
dur homogenizatior the nitrogen contents of 
cobalt-chron im alloy can be varied ove quite a 
ing dependir ipon the amount of nitrogen 
present in the homoger ng atmosphere 

From the dat n table II, the solubility of nitro- 
el obalt-chromiun illo ontainit approx 
mately 0 pet chror in it 1260 ¢ ind a pre ire 
( l atn can be estimated Alloy vhich were 
elatively ow troger i cast (T-1-B witl 
O=.OLL pet nit en and T-1-C with 0.016 pect nit 
en) picked up nitroger vhen hon ‘ ed in ar 
nitrogen at a temperature of 1260 C (afte treat 
ment, 0.046 pet nitrogen and 0.051 pet nitrogen, re 
pectivelv) Alloy which vere nitially } 
nitrover \ vith O OBS t nitrover ind 
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-71-B with 0.063 pct nitrogen) lost nitrogen when 
homogenized in dry nitrogen (after treatment, 0.067 
and 0.060 pct nitrogen, respectively). These data 
indicate that, in alloys containing approximately 
20 pet chromium, between 0.051 and 0.060 pet 
nitrogen is in equilibrium at 1260°C with gaseous 
nitrogen at 1 atm pressure. Although similar data 
are not available for the alloys containing 32 pct 
chromium, it is apparent that under a given set of 
conditions, these alloys contain more nitrogen than 
do the 20 pet chromium alloys 

Since high-temperature alloys are often in con- 
tact with air for extended periods of time at ele- 
vated temperatures, it was of interest to learn 
whether changes occur in the nitrogen contents of 
cobalt-chromium alloys treated in air at normal 
operating temperatures. Samples of 20 and 32 pct 
chromium alloys with both low and high nitrogen 
contents were heated at 900 C (1650 F) for 500, 
1000, and 2000 hr in air and the changes in nitrogen 
content determined. The results of these tests, listed 
in table III and plotted in fig. 2, show comparatively 
small changes in nitrogen content under these 
condition 
As previously described under Heat Treatment, 


f homogenized stock were heat treated 


pe cimens ¢ 
for 50 hr at 25 C temperature intervals and ex- 
amined metallographically to determine the ap- 
proximate effects of nitrogen additions upon the 
alpha plus beta field. The tests showed that nitro- 
en additions lower the temperature range of the 
alpha-beta transformation. Since the transforma- 
tions in this system are quite sluggish, it was not 
known whether the lowering of the transformation 
wa eal or whether it was an apparent effect re- 
ulting from increased sluggishness of the trans- 
formation. To eliminate the factor of luggishness, 
pecimens of both the high-temperature phase, 
Ipha, and the low-temperature phase, beta, were 
othermally treated at various temperatures in the 
range of the transformation. The specimens were 
then examined metallographically to determine the 
phase formed 

These tests were conducted as follow Specimens 
of each allov were heat treated at temperatures 
determined from the blocking-in tests, to obtain 
tructures which were predominately beta phase 
A pecimen oft the homogenized stock Was pre- 
reated at 1200 C for 3 hr to insure a structure 
which was all alpha phase and then transferred hot, 
along with one of the cold beta specimens, to the 
heat-treating furnace. They were held at tempera- 
ture in the furnace for 100 hr and water quenched 
etallographic examination of these specimens 
vielded the results which are summarized in fig. 3 
and 4. These show the effect of nitrogen additions 
pon the alpha-beta transformation temperature 
range for alloys containing approximately 20 and 32 


pet chron 


Fig } shows a lowering of the transformation 
temperatures with the width of the field remaining 
fairly constant. Fig. 4 shows a lowering of the 
beta transformation temperatures with the 


width of the field increasing as the nitrogen content 


ncrease Additional tests were made for 375 hr in 
ler to spot check the curve The results of these 
tests were n agreement with fig. 3 and 4 
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Fig. 10—Alpha plus beta plus gamma 
precipitate. 


141 pet N 32.1 pet Cr, heat treated tor 100 hr at 
Seiad | This micrograph at SOON (reduced one third in 
reproduction) is typical of the alpha plus beta plus gamma 


structure observed in cobalt-chromium alloys containing 2 


and 32 pet chromium 


Changes in Nitrogen Analyses of Cobalt- 
Alloys after Exposure to Air at 900°C 
for 500, 1000, and 2000 Hr 


Table Ul. 
Chromium 
(1650°F) 


( hangue 
in N oN 


Determinations of the temperatures at which 


gamma starts to precipitate were conducted as fol- 
lows: A 2!s-in. section of bar stock of each alloy 
was pretreated for 3 hr at 1200°C to insure com- 
ylete solution of gamma. The specimens were then 


transferred hot to aging furnaces operating at tem- 


peratures which would transform them to beta 


phase. After 100 hr at temperature, the specimens 
were water quenched and a sample procured for 
metallographic examination. The specimens were 


then aged for 50 hr at progressively lower tempera- 
examined metallographi- 


tures (the samples were 
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Fig. 8—(left) Beta 


2.006 pet N Heat treated tor 100 
751°C) 


hr at 


Fig. 9—<right) Beta plus gamma 
precipitate. 


Heat treated tor 


shove micrographs at 
reproduction 


Note: The 


third in show the 


duced one 
of nitrogen additions upon the precipi 


tation of gamma in cobalt-chromium alloys 
containing approximatel 20 pet chromium 
fie. S and 9% are micrographs of specimens 
: heat treated for 100 hr at 751° and 762° 
I respectively, and show that the precipitation 


increases as the nitrogen content 


otf gamma 


INC eases 


IRON, ATOMIC PER CENT 
5 s 


960} 20% CHROMIUM ALLOYS 


*DENOTES LIMITS ] 
FOR 20% Cr e 
BINARY ALLOY 
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TEMPERATURE, °C 
3 


B 
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Fig. 11—Alpha plus beta temperature range 


cobalt-chromium-iron alloys 


function of tron containing 


content tor 
22 pet chromiom 


cally after each treatment) until gamma precipitate 
was observed. From the results of these tests and 
the structures observed in the isothermally treated 
pecimens, it was possible to estimate the tempera- 
tures at which gamma starts to precipitate. These 
estimated values are also plotted in fig. 3 and 4 
They show that, at a tant temperature, the 
amount of gamma precipitate increases as the nitro- 


con 


Increases 


ven content 
The micrographs in fig. 5 to 10 show 
structures that were observed in this study 
The Effect of Iron Additions on the Alpha-Beta 
Transformation Temperature Range and the Pre- 


typical 
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J Fig. 13—Alpha plus beta temperature range and 
gamma precipitation 


of mckel conten or cobalt-chromium chel 


to balt-chro n-iron alloys containin 
taining 22 pet chromium 


alloys 


Fig. 12—Alpha plus beta temperature range 


i ite 


in Cobalt-Chromium Base pet chromium alloy, the case might be, was taken 
melted as the correction factor For example, the limits 
alpha plus beta field for Alloy T-46. which 


cipitation of Gamma 


Alloys: The alloy ised 


ind heat treated in 


a value of — 100 19.4, are 10°C 


{ lower than the limits for the binary alloy containing 


er, specimens of 
treated for 50 hr 20 pet chromium. Thus, 10°C was added to each 
and examined testing temperature when the data for this alloy 

were | otted 


Table IV. Chemical Analyses of Cobalt-Chromium 
Iron Alloys 


? ? re noted. T Th ! in fig. 11 and 12 show that additions 


d ren np u ana of iu r the transformation temperature and/or 


iggishness of the transformation. In 
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Analysis, Per Cent 
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\ how? n table I\ the alloy lid not exactly 
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vere plotted 1] na 12 These corrections 
ver letermined as ftoliow The value ot 
100 was calculated for each alloy these values 
ver n table IV) Then | eference to the 
obalt-chromium binary diagram (shown in fig. 1) 
the respective transformation temperature il 
‘ ‘ e crease the 
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Fig. 14—Alpha plus beta temperature range and 

gamma precipitation 


» tunctron of ockel content for cobalt-chromium-nickel alloys con 
taining 32 pet chromium 


order to determine whether the apparent lowering 
of the transformation was real or whether it was a 


result of increased sluggishness, several tests were 


made using 32 pct chromium alloys in which pairs 
with all alpha and all beta prior 
structures were heat treated at temperatures in the 
transformation. By considering only 
the phases which were forming at a particular tem- 


oft specimens 
range of the 


perature, the factor of sluggishness was eliminated 
These tests substantiate the results of the previous 
tests and show that the lowering of the transforma.- 
tion temperature range is rea! and not the result of 
increased sluggishness 
Gamma precipitate was observed in only one of 


the cobalt-chromium-iron alloys; the one with 

Cr 100 

Cc C 32 containing 6 pet iron. In cobalt- 
I 


chromium binary alloys, the precipitation of gamma 
from beta phase is a very sluggish -reaction. Ap- 
parently, the addition of iron to the system increases 
the sluggishness of the reaction, so that under the 
conditions of testing, gamma did not precipitate 

The Effect of Nickel Additions Upon the Alpha- 
Beta Transformation Temperature Range and the 
Precipitation of Gamma in Cobalt-Chromium Base 
Alloys: The alloys used in this study were melted 
and heat treated in an atmosphere of purified argon 
in order to hold the nitrogen content to a minimum 
Chemical analyses of the homogenized alloys are 
contained in table V 

Results obtained from the metallographic examina- 
tion of the cobalt-chromium-nickel specimens, heat 
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intervals, are shown 
As in the case of the 


treated for 50 hr at 25°C 
graphically in fig. 13 and 14 


cobalt-chromium-iron alloys, temperature correc- 
tion factors were applied to the heat-treating tem- 


Table V. Chemical Analyses of Cobalt-Chromium- 


Nickel Alloys 


Alloy 


peratures when plotting fig. 13 and 14, to adjust for 
variations in composition. Fig. 13 and 14 show a 
lowering of the alpha-beta transformation tempera- 
ture range and a widening of the field 

As shown by fig. 13 and 14, increasing amounts ot 
nickel raise the gamma precipitation temperature 
until gamma and alpha coexist. This may indicate 
that nickel additions broaden the alpha plus gamma 
field (see fig. 1) and extend it to lower chromium 
contents 

Since in the cobalt-chromium-nickel alloys it was 
not possible to obtain beta phase free from gamma, 
no attempts were made to determine more accu- 
rately the temperature limits of the transformation 
using the technique described earlier in this paper 
Consequently, these curves show only trends and 
may be influenced by increased sluggishness result- 
ing from the nickel additions 


Summary 

Results of this invest'gation show that nitrogen, 
nickel, or iron additions to cobalt-chromium alloys 
lower the alpha-beta transformation temperature 
range and promote the formation of gamma. The 
effect of nitrogen upon the alpha-beta transforma- 
tion was determined accurately. But the remaining 
studies were not equilibrium studies and, hence, 
show only the trend of the effects 
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The Growth of Austenite 
As Related to Prior Structure 


by A. E. Nehrenberg 


New austenite is restricted in its growth by the grain boundaries 
in the prior structure, and initially assumes the size and shape of 
the prior grains. The new austenite is equiaxed when the prior struc- 
ture is the result of a high temperature transformation, and is 
acicular in shape when the initial structure is bainite or martensite. 


HE mechanism by which austenite forms in 
tee! ha received a great deal of attention in 
the literature in past vear Our present knowl- 


mechanism has been recently 
immarized quite concisely by Bain and Vilell: 

while ; vy vei igo the literature was carefully 
reviewed by Roberts and Mehl. The consensus 1 


hat any ferrite-carbide interface is a potential site 
for the nucleation of austenite during heating above 
the A temperature ind that the new austenite 
generally grow freelv to produce approximately 
equiaxed grain whether the carbides are initially 


1. E. NEHRENBERG is Supervisor, Research Lab- 
tory, Crucible Steel Co. of America, Harrison, N. J 


TP 2762 F ) ‘ may be sent t 
I ! ct 1/MI efore Apr. 1. 1950. and ched 
‘ 1950 pt CE ed 
449 
present t! lamellar or the pheroidal form. In 
the case of eutectoid stee growth of the new grains 
of austenite continue intil contact 1 established 
with other grains. Then growth stops and an initial 
iustentite ir established which does not 
hange until the heating is continued to some high 
temperature at which grain coarsening begins. In 
he case of peariit teels which are not of eutectoid 
comy the wutectoiad te ite or carbide may 
nterfere with the rowth of the austenite if the 
temperature | not above that ’ ignated the A 

the A , ectivel 

Although e oan int of work has been dons 
¢ i he echanist of austenite formatior 
te t became clear to the esent thor ‘ 
i 1 the an r it or cl ctel 

25 NI Si-Ni-Mo hypoeutectoid stee 
the rm vhich austenite te 
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depends upon some factor, or factors, not previously 
considered. This was indicated by the fact that when 
this steel in the spheroidized condition was heated 
above the A.: temperature the new austenite which 
was formed did not envelop the carbides and grow 
in an equiaxed manner as described by Bain’ for 
spheroidized steels. Instead, in this steel, the aus- 
tenite was observed to grow much more readily in 
certain directions than in others with the result that 
at temperatures within the A..-Ac’ transformation 
range the austenite grains were acicular in shape 
The excess ferrite was also found to be acicular with 
the distribution of these phases being such that a 
lamellar pattern was developed This unusual direc- 
tional growth of austenite in this new steel initially 
in the spheroidized condition is illustrated by fig. 1 

A search of the literature revealed that this type 
of growth was not necessarily peculiar to this steel 
for similar microstructures had been observed by 
However, the full significance 


of these microstructures does not appear to have 


other investigators 


been appreciated, and no work has been done to 
determine the condition 


tional 


responsible for this direc- 
growth of austenite or to arrive at an under- 
tanding of it. It was for this purpose that the work 
described in the present paper was carried out 
Material: During the course of this investigation 
studied. They consisted of 
hyvpoeutectoid, eutectoid and hypereutectoid carbon 


a total of 15 steels was 
teels. and hypoeutectoid and hypereutectoid alloy 
stee! all of which were obtained in the annealed 
commercial warehouse stock. As re- 
ceived, the carbon and allov hypereutectoid steels 
which consisted of spheroidal 
in ferrite, whereas the eutectoid steel and 


had microstructures 


ie hv poeutectoid steels were pearlitic 
The grades of steel represented were 1050 1080 
110 }10, 4140, 4340, 4615, 6145, 8620, 9260, 9442. 


\ 
| 


2petCr-Mo, 5petCr-Mo, the new Mn-Si-Ni-Mo steel. 
and a 0.9C-1.3Mn-0.5Cr-0.5W oil hardening tool 
steel. It does not seem necessary to tabulate the 
actual analyses of the steels used because they did 
not differ significantly from the nominal composi- 
tions for these grades, and because the relation 
found to exist between prior structure and the 
manner in which austenite forms in steels is inde- 
pendent of variations in composition within the 
limits studied 

Procedure: The initial work carried out in this 
investigation was confined to the hypoeutectoid 
steels, and consisted of a study of the microstruc- 
tures produced by heating steels in the following 
prior conditions to various temperatures within the 
A.:-Ac, transformation range: 1. Lamellar pearlite 
plus ferrite. 2. Spheroidal carbides plus ferrite ob- 
tained by tempering martensite at 1200°F for 225 
hr. 3. Spheroidal carbides plus ferrite obtained by 
a high temperature transformation. 4. Martensite 

For prior condition 1 the steels were used as re- 
ceived from warehouse stock. For conditions 2 and 
4 a 1700°F austenitizing and a water quench were 
employed. Condition 3 was obtained by austenitiz- 
ing the steel in question at about its A., temperature 
followed by a high temperature transformation 

Samples about 's in. thick were prepared from 
bars in each of the above prior conditions. These 
specimens were heated in lead for 1 hr at tempera- 
tures within the A.:-A range and were wate! 
quenched. After being tempered for 30 min at 400 F 


quenching the austenite formed on heating, the 
specimens were prepared for microscopic examina- 
tion 

The picral-zephiran chloride etching reagent de- 
scribed by Grange and his associates” was used for 
developing the details of the various structures 

Later, a carbon steel of approximately eutectoid 
content, and hypereutectoid carbon and alloy steels 
were studied to determine whether the observations 
made in the case of the hypoeutectoid steels applied 
to such steels as well. For this part of the investiga- 
tion a number of 's in. thick samples with a pearl- 
itic prior structure, and with a spheroidized struc- 
ture produced by tempering martensite for 100 hr 
at 1300°F, were placed in a lead bath at 1300 F, 
and were held for ‘2 hr. At the end of this soaking 
period the samples were heated in the lead bath at 
the rate of 60°F per hr. When 1325°F was reached 
samples representing each of the prior conditions 
were quenched in water. This procedure was re- 
peated for each 5°F interval up to 1450°F. Before 
they were prepared for microscopic examination all 
of the specimens were tempered at 400°F for 30 min 
to darken the areas of martensite that resulted from 
quenching the austenite formed on heating 

In the final part of this investigation a study was 
made of the mechanism by which austenite forms 
in various prior structures. For this work the 4140 
steel was selected. It was heated at 2250°F for 16 hi 
for homogenization so that there would be a min- 
imum of chemical segregation present. This heating 


to darken the areas of martensite that resulted from also served to develop prior structures which were 


1420°F. hr. R. 44.5. 


1320°F. hr. R. 19. b. 1340°F, 


Fig. 1—Acicular growth of austenite grains in a spheroidal structure 


Mo-Si-Ni-Me steel durin veatir t rw emperature aithir the transtormation 
t #o0°H Dark etching structure (tempered martensite 


ndicated temperature 
The ttched in picral-rephira h 


¢ indicated hardnesses re obt ore the tempe 
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the ew 7.25 ¢ range Wate 
— | 3 


coarse and in which, therefore, the changes which 
occurred during subsequent heating could be more 
readily observed 

The four prior structures mentioned previously 
were produced by the heat treatments shown in 
table I. Specimens 's in. thick in each of these con- 
ditions were soaked 's hr at 1300 F, heated at the 
rate of 60 F per hr and quenched at 5 F intervals 
in the manner described for the eutectoid and 
hypereutectoid steels. A 30 min temper at 400°F 
was again employed to darken the martensite 


present in the quenched samples 


Table IL. Summary of Heat Treatments Employed to Produce 


Various Prior Structures in SAE 4140 


RESULTING 
MICROSTRUCTURE above the A. temperature ap- 


HEAT TREATMENT 


\ new etching, reagent developed by A. Allten 


an associate of the author, for use in connection 
with microstructural studi« of stainless steels was 
found to be quite useful in thi tudy of the mech- 
nism of tenite formati It itility will be 


‘rent is used 


demonstrated ite or The Allten 


elect Ivticalls it 6 volt potential and consist of 
hvydrochlort actic and tartaric acids dissolved in 
ethyl aleoh n the followir pro tior 

et ilcoho 22 

ictic acid 

tart ¢ acid 

iroch c acid (conc) 
rhe optimum etching time for the steels used in thi 
nvest itior va il t 15 sec 


Formation of Austenite in Pearlitic Structures: 


There are many mi raphs in the literature which 
| trate re cleation and owth of austenite in 
‘ tM t ct Howeve t seen ck able to 
‘ le a set o ch micro pl n tl paper to 
‘ rt ‘ luating the effect of the othe 
truct ‘ nvest iter Fi 2 how hat 
vher sustenite f ned in pearlitic tructure 
vth occ juite free n every direction, re- 
i rair vhich approximately equiaxed 
hile the last fe ite to be transformed is blocky 
It ve known that this type of owth occurs 
th t t ‘ vhethe the tee! hypo- 
tectoid, eutectoid, or hypereutectoid in composi- 
! ono further comments on this prior condition 
ine eq ed at tl time 


Formation of Austenite in Spheroidized Struc- 


tures: lized mu tructure are generally 

duced in eitl of two way (1) by the high 
temnpe it e tra mat I f hor ene is aus- 
enite ) the temperir f martensite. It 
it t t ed b the nves 
t it t it tne ‘ T lamenta 1 Ye ence m™ 


tween the spheroidized structures which result from 
the use of these two different procedures. In the 
most recent publication’ on the mechanism of aus- 
tenite formation, the view is expressed that since 
carbide is precipitated and somewhat spheroidized 
during the heating of martensitic structures for aus- 
tenitizing, such structures should austenitize in a 
similar manner to spheroidized structures, but at a 
different rate 

Fig. 3 shows, however, that the manner in which 
austenite grows in spheroidized structures depends 
upon how these prior structures were produced 
When the spheroidization is the 
result of a high temperature 
transformation the austenite 
which forms during heating 


pears to grow more or less 
freely in every direction, and 
equiaxed grains are developed 
On the other hand, when the 
spheroidization is the result of 
tempering of martensite, the 
austenite exhibits an unex- 
pected marked directional growth with the result 
that acicular grains are formed, and the excess 
ferrite also has an acicular, rather than a blocky 
shape 
That this acicular growth of austenite is by no 
means peculiar to only this hypoeutectoid alloy steel 
is illustrated by fig. 4 which shows the result of 
partially austenitizing a hypereutectoid carbon steel 
and a hypereutectoid alloy tool steel spheroidized 
by tempering. Both steels are shown to exhibit the 
same general mechanism, the only differences be- 
ing that the excess ferrite and the austenite grains 
are more acicular in the case of the alloy steel, and 
that some equiaxed austenite grains formed in the 
carbon steel along with the acicular grains, whereas 
none was observed in the alloy steel 
The black areas in the microstructures shown in 
fig. 4 for the carbon steel consist of very fine pearl- 
ite, and have been observed before by other inves- 
tigators Such areas were not observed 
in any of the alloy steels studied. Their presence 
denctes that the austenite that formerly occupied 
those regions was so low in hardenability as a result 
of its low carbon content that the pearlite reaction 
could not be avoided during the quench 
In martensitic structures which are not tempered 
before being heated above the A., temperature the 
austenite grows in the same manner as it was shown 
to grow in thoroughly tempered martensite. This 
is illustrated by fig. 5 
Composition is not a factor in this behavior be- 
cause the acicular growth of austenite in martensitic 
tructures occurred in each of the 15 steels studied 


which covered a wide range of composition. These 


teels consisted of plain carbon hypoeutectoid 
eutectoid and hypereutectoid steels, and alloy 
hypo- and hyper-eutectoid steels. An explanation 
for this acicular growth of austenite from mar- 
tensitic structures will be offered in a subsequent 
part of this paper 


Isothermal Formation of Austenite in a Spher- 
oidized Hypereutectoid Carbon Steel: It should now 
q 


be clear that the mechanism described by Bain’ for 
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Fig. ‘2 — Growth of equiaxed austenite grains in 
pearlitic 4340 


juring heating to various temperatures within the Aci-Ace temperature 
egion Water quenched trom the indicated temperature and tempered 
he at 400°F Dark etching temperec nartensite wa 
yuste at time quench in picral-zephiran chloride 
reagent Pearlite heated to 13 Pearlite heated ¢t 
135c°F Pearlite heated t h Sligh 


reproduction 


the formation of austenite from spheroidized struc- 
tures does not apply when the spheroidization is 
accomplished by tempering. Even in the case of 
spheroidized structures produced by a high tem- 
perature transformation it did not appear in the 
early stages of the formation of austenite that the 


growth was occurring In a symmetrical Manne! 


around carbide particles in the manner to be ex- 
pected on the basis of 3ain's work In some Cases 
there were no carbides visible in the first austenite 
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that formed. When there were carbides present they 
did not necessarily appear at the center of a tiny 
austenite grain, but might be located at a corner otf 
the grain 

This difference in the observations made by Bain 
and the present author required some additional 
consideration since Bain’s concept of the symmetri- 
cal growth of austenite around spheroidized car- 
bides has become so firmly established. In the pres- 
ent work steels with normal carbide size were ays- 
tenitized in a conventional manner during continu- 
ous heating, whereas in Bain’s work very coarsely 
spheroidized steels were austenitized isothermally 
It seemed that the difference in the observations 
might be attributed to the techniques used, and that 
the best way to proceed would be to attempt to 
duplicate the conditions that prevailed in Bain’s 
experiments. Accordingly, the hypereutectoid plain 
carbon steel was subjected to treatments involving 
either cold working followed by subcritical anneal- 
ing, or multiple full annealing with the objective of 
producing extremely coarse carbides. Unfortun- 
ately, carbides as coarse as those in Bain’s hyper 
eutectoid pure iron carbon alloy were not obtained 
in the commercial steel, but the treatments em- 
ployed did produce carbides considerably coarse: 
than those usually encountered in practice 

The result of forming austenite isothermally at 
1400 °F in this coarsely spheroidized steel is shown 
in fig. 6. It will be noted that in this commercial 
steel it is the exception, rather than the rule, for 
austenite to envelop a single carbide in the early 
stages of its growth. Nucleation evidently occurs 
at a carbide-ferrite interface but the subsequent 
growth bears no relation to the shape or distribu- 
tion of the carbides. Instead, it is indicated in fig. 6a 
and 6b that the austenite does not readily grow 
across the existing ferrite grain boundaries, and 
hence, that its growth is probably confined at first 
within the ferrite grain in which the growth starts 
Further evidence that the ferrite boundaries offer 
a restraining influence on the growth of austenite 
will be presented later in this paper 

It was disappointing to the present author to be 
unable to duplicate the mechanism described by 
Sain for the formation of austenite in coarsely 
spheroidized steels, for this would have served to 
define the conditions for which this mechanism 
would apply. As a result of the present author 
work the conclusion seems justified that the ideal- 
ized symmetrical growth of austenite around coarse 
spheroidized carbides occurs rarely in commercial 
steels austenitized in the conventional manner by 
continuous heating 


Formation of Austenite from Bainite: It can be 
taken as established, therefore, that in steels with 
prior structures of martensite or tempered mar- 
tensite, austenite shows marked preferential growth 
in certain directions, and a lamellar distribution of 
austenite and acicular ferrite exist within the 
transformation range. When the prior structure ts 
pearlite, or spheroidite produced by a high tem 
perature transformation, thi marked direction 
growth does not occur, the austenite is more nearly 
equiaxed, and the residual ferrite is blocky 

It was natural to determine at this point how 


austenite grow In prior ucture which were 


formed at intermediate temperature that 1 in 
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Fig. 3—Growth of austenite in spheroidal structures in 4140 
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martensite, that each needle of martensite 


ferrite grain on tempering 


pering 
becomes a single 

The martensite needles form parallel to a given 
crystaliographic plane of the parent austenite lat- 
tice. In the case of the 
inger and Troiano”™ have ascertained that martensite 
delineates the {4 4 10 
orientation habit is a function of the carbon con- 
tent, and is independent of the 
formation of the martensite, as these authors have 
There is also known to be a definite 
relationship between the lattice of martensite and 
that of the parent austenite. Greninger and Troiano 


medium carbon steels Gren- 
planes of the austenite. This 
temperature of 


pointed out 


have accurately determined this relationship for a 
0.8 pet carbon, 22 pet nickel alloy 
relationships 


parent austenite it Is 


As a consequence of the orientation 
between martensite and the 
to develop an indication of the prior aus- 
ot 


etching procedure 


possible 
tenite grain si hardened 
An example of this is 
of fig. 7a when 


high magnification consist of 


steel by the use ¢! 
litable 
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spheroidized by tempering 120 hr at 1300! 4 lett) 1.10 pet carbon plain carbon steel. b. (right) 2.90 pet ¢ 1.30 Mn 0.5 Cr 
Specimens were heated at the rate of 6° per hr and were quenched when the indicated temperatures were reached. Tempered ', 


Dark etching areas were austenite at time of quench SMightivy reduced in reproduction tiched in) picral-rephiran chloride reagent 


contrast between the various needles of martensite However, later work has shown that in steels 
as fig. 7c shows. All three of the micrographs in and other alloys the martensite transformation 
fig. 7 were obtained from a hardened, untempered involves no diffusion. A more reasonable explana- 
sample of 4140 steel given a single etch tion for the differences in etching behavior of the 
During the tempering of martensite the tetragonal individual martensite grains, and of the ferrite 
crystal structure becomes cubic and there are a pre- grains which result from them on tempering, is 
that this is attributable to differences in their lattice 
sulting ferrite retains the orientation and acicula: orientations, particularly since a great deal of con- 
shape of the martensite needles from which it trast can be developed in certain fields with little 
forms. This is illustrated by fig. 8 which contains contrast in other fields in the same muicrosection 
three micrographs for 4140 hardened to martensite, Since it has not been previously recognized in 
and tempered at 1300 F for 100 hr. It will be noted this country that etching differences exist in the 
that these micrographs are similar to those shown in ferrite of tempered martensite, it would perhaps 


cipitation and agglomeration of carbides. The re- 


fig. 7 for untempered martensite. The prior austen- be well to record a few observations on the effect 
ite grain size is still indicated as fig. 8a shows. Also of etching time with the new etching reagent, and 
in the darker portions of fig. 8a good contrast can on the effect of using different standard reagents 
be developed between the ferrite grains (fig. 8b) Fig. 9 shows the effect of a 5 and a 15 sec electrolytic 
but not in the lighter portions (fig. 8c) etch in Alliten’s reagent, and of a 15 sec immersion 
Observations similar to these were made about etch in the picral-zephiran chloride reagent on the 
25 vr ago by Hanemann and Schrader~ and formed appearance of a single field in a sample of 4140 steel 
the basis for their epsilon-eta hypothesis. In brief. quenched to form martensite, and thoroughly tem- 
these authors believed that martensite consists of pered by a 100 hr heating at 1300 F. The specimen 
two metastable phases of different carbon contents was repolished lightly after each etch 
As a result of the microscopic examination of tem- 
pered samples it was concluded that the epsilon 
crystals after tempering consisted of ferrite with a 
small amount of precipitated carbide whereas the It will be seen in fig. 9 that alternate acicular 
eta crystals consisted of ferrite with a great deal ferrite grains are etched in 5 see in the Allten 
of carbide. Furthermore, that the ferrite resulting reagent whereas intervening grams are only 
from the decomposition of the epsilon phase etched barely attacked. / 5 sec etch in this reagent fully 
differently from that obtained from the eta phase develops the carbides in the more resistant ferrite 
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hand. the differences in etching behavior of adja- 
cent acicular ferrite grains are no longer apparent 
as fig. 9c shows 

The Mechanism of the Formation of Austenite in 
Martensite or Tempered Martensite: Since some 
tempering must occur during the heating of mar- 
tensite up to and above A. temperature, the real 
difference between the initial conditions termed 
martensite and tempered martensite in this pape! 
is in the extent of the tempering, that Is, In the de- 
gree of agglomeration of the ca! bides. In the case ot 
the martensitic prior condition little tire was avail- 
able for this agglomeration, whereas an unusually 
long time was allowed for the tempered condition 

The rate of austenite formation was affected by 
the degree of tempering, but the mechanism of the 
formation of austenite from either martensite o1 
tempered martensite must be fundamentally the 
same because similar microstructures were pro- 
duced by partially austenitizing samples in either 
condition. The only difference that could be de- 
tected was that the width of the elongated grains 
of austenite and residual ferrite appeared to be 
slightly greater in the samples which had been pre- 
viously tempered at 1300°F for 100 hr. The reason 
for this will become known later in this papet 

Micrographs which illustrate the mechanism of 
the formation of austenite in martensite which had 
been tempered by a 100 hr heating at 1300 F prio! 
to being heated above the A.; temperature are con- 
tained in fig. 10. In these micrographs the slightly 
dark etching structure (tempered martensite) de- 
notes areas that were austenite when the specimens 
were quenched 

The exact locations at which the new austenite 
shown in fig. 10a and 10b was nucleated could not 
be observed because the smallest areas of new aus- 
tenite contain the sites of both ferrite-ferrite and 
ferrite-carbide interfaces. Since it is commonly 
accepted that the work involved in tne formation 
of a nucleus of a new phase is a minimum at grain 
boundaries. and since dll of the smallest new aus- 
tenite grains which were observed throughout the 
course of this investigation contained ferrite-ferrite 
interfaces, it appears reasonable to conclude that 
the nuclei formed in these boundaries, probably at 
points where carbides are located 

In the case of areas in which it was possible to 
develop good contrast between adjacent acicula 
ferrite grains, it appeared that the early growth was 
confined within the grains most resistant to etching 
Examples of this are shown In fig 10. It will be 
noted that there is a sharp grain boundary between 
the new austenite and the ferrite in which it ts 


evrowing only at the sites of the former ferrite boun- 
jaries. The growth seems to occul from opposite 
sides of a ferrite grain toward the center until that 
vrain is completely transformed. Then, the inter- 
vening ferrite grains are transformed by growth 
from the forme sites of the ferrite grains most 
resistant to etching 


Why the early growth of austenite should appeat 
to be confined to the one type of ferrite Is difficult 
to understand. Since the difference in the ferrite ts 
to be one of orientation, the implication 

that one orientation of ferrite is more fave rable 
for the growth of austenite than another. Whethe 


this is true or not, it seems clear that the growing 
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Fig. 6—Isothermal growth of austenite in a 1.10 pet carbon, plain carbon steel coarsely spheroidized by 
multiple full annealing. 
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Fig. 9—Effect of different etching reagents on the 
microstructure of tempered martensite in 4140 steel. 
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Spheroidal Structures Produced by a High Tem- 
perature Transformation: Fig. 11 shows that the 
mechanism of the formation of austenite in sphe- 
roidal produced by a high temperature 
transformation ts 
uctures produced by tempering mar- 


structures 
similar to that just discussed for 
spheroidized sti 


t That is, nucleation appears to have occurred 


growth ts 


ensite 


in ferrite boundaries, and the confined 
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within the ferrite grain in which the austenite 
started to grow with the resu!t that it assumes the 
shape of the prior ferrite grain. The differences in 
the shape of the austenite grains produced in prior 
structures spheroidized by a temper, and in those 
produced by a high temperature transformation, are 
attributable to the fact that the ferritic matrix con- 
sists of acicular grains in the former case and equi- 
axed grains in the latter 

It is further indicated by fig. 11 that it is possible 
to develop by means of a suitable etching procedure 
differences in the adjacent ferrite grains in a high 
temperature transformation product which are com- 
parable to those previously described for the ferrite 
resulting from the tempering of martensite. In fig 
lla there are three distinctly different orientations 
of the ferrite grains. Some of them are roughened 
(darkened) as a result of being slightly overetched, 
others are properly etched and appear to be white 
and contain well defined carbide particles, and still 
others are underetched, that is, have not been etched 
sufficiently to develop the carbides clearly. Now, it 
seems even more likely that the differences in the 
etching characteristics of the ferrites in tempered 
martensite are attributable to differences in orien- 
tation because it is hard to believe that there could 
be any other factor that could cause these similar 
differences in a ferritic matrix resulting from a 
high temperature transformation 
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12b indicates that even at 
F the austenite and ferrite 
far from assuming the equiaxed, or equilib- 
rium shape 


mal transformation. Fig 
the end of 136 hr at 1350 


are still 


Formation of Austenite from Lamellar Pearlite 
plus Proeutectoid Ferrite in 4140 Steel: In the 
course of this investigation some observations were 
made in connection with the formation of austenite 
in the 4140 steel in the pearlitic condition which 
have not been described in the literature, and there- 
fore worth recording The annealing 
cycle which was used to produce lamellar pearlite 
in this steel resulted in the separation of the pro- 
eutectoid ferrite in the grain boundaries of the prior 
austenite. The very first austenite to form during 
subsequent heating was located in this ferrite. Many 
similar shown in fig. l3a 
served while there were relatively few instances in 
which the directional growth like that shown in fig 
13b Ordinarily it is considered that in 
nucleation of austenite first 
in pearlite In fig. 13¢ the growth 
in ferrite areas is farther advanced than 
it is in the adjacent pearlite areas 

Another interesting that 
the last ferrite to transform to austenite actually 
did not exist as such in the initial structure. Instead, 
this last ferrite came from pearlite colonies from 
which the carbon diffused as the heating progressed 
This is illustrated by fig. 14. Fig. 14a illustrates the 
initial structure which consisted of proeutectoid 
ferrite at the austenite grain boundaries with 
a number of different pearlite colonies within the 
vrain. Fig. 14b shows the effect of heating this struc- 
ture to 1425°F at the rate of 60°F per hr. It will be 
noted that the transformation to austenite has 
greatel in the vicinity of the prior 
than it has within the 
grain, and that much of the proeutectoid ferrite has 
the time 1450°F is reached 
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SC Note in (c) that most of the last ferrite to be transformed is locate >, oe 
within the prior austenite grain are tormerty occupied by peaorlite 
sustenite grain boundaries are untranstormed. Temperatures indicated are 
those reached on continuous heating at the ste of 60°F per he wr, 
te formed during the ench. X25 Picral-zephiran chloride etch 
1425°H bottom) 1450° 
and for hypoeute row freely 
alloy steels, that is, for stee tigato 
In order to arrive growth 
relation between pri n which 
austenite formation assume = 


matrix is equiaxed as a result of a high tempera- 
ture transformation the austenite grains are equl- 
axed, and when the ferrite grains are acicular as 
they are in tempered martensite or bainite, the 
initial austenite grains are also aciculat 

Certain similarities between the microstructures 
of untempered and tempered martensite were men- 
tioned. It wa hown that in tempered martensite 
there are regions in which adjacent acicular ferrite 
vyrains are attacked at different rates by certain 
etching reagents, and that there are corresponding 


areas in untempered martensite in which adjacent 


needles are also etched differently. It was suggested 


that these differences are the result of differences 
in the lattice orientations of the martensite needles 
and of the acicular ferrite grains which result from 
the tempering of martensite. The prior austenite 
grain size was shown to be delineated in thoroughly 
tempered as well as in untempered martensite 
which indicates that the orientation relationships 
between the parent austenite and the martensite are 
not changed by the tempering operation. In other 
words, during the tempering of martensite there ts 
i collapsing of the tetragonal lattice and a precipi- 
tation and agglomeration of carbides without. a 


change in the lattice orientation of the ferrite 
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The Elastic Coefficients of 


Elastic anisotropy S..—2 (S.—S.) 


Poisson's ratio 


HIS paper reports the results of static tension 
and torsion tests made on crystals of 
for the purpose of determining its elas- 


single 
alpha brass 
tic coefficients. 70-30 alpha brass was chosen be- 
cause it has been used extensively in the study of 
the plastic deformation and because it has the fol- 
lowing desirable characteristics: (1) face-centered 
cubic structure, (2) marked elastic anistropy, (3) 
low elastic modulus 

In 1928 Masima and Sachs 


reported the following values for the elastic co- 


using static method 


efficients of 72-28 pct alpha brass 


S 19.4 10" cm’ per dyne 
Ss 8.35 cm’ per dyne 
S 13.9 10° cm’ per dyne 


These values were obtained from the measure- 


ments shown in fig. 1. The experimental points for 
both tension and torsion lie consistently below the 
lines drawn to represent them. Fig. 2 shows the 
stress-strain curves for their specimens. Only a few 


points in the elastic range of these curves were 
available to obtain their values for Young's modu- 
lus. Therefore, it was considered that a re-evalua- 
tion of these data was desirable 

In addition a variation of from 1.13 to 1.485 
per mm was found in the values of the critical 
reported 


Maddin 


Goler and 


resolved shear stress for 70-30 alpha brass 
by Burghoff, Treuting and Brick,’ Martin 
Mathewson and Hibbard and von 
Sachs Therefore it was desired to evaluate the 
conclusion of Boas and Schmid” that a constant 
resolved shear stress and not a constant elasti 
initiates plastic deformation 


shear 


The elastic deforma- 


Theoretical Considerations’ : 
tion of cubic crystals may be defined by three elastic 
its (S,, S.. S,) or three elastic parameters 


coefficier 


Single Crystals of Alpha Brass 


by Raymond W. Fenn, Jr., Walter R. Hibbard, Jr., and Henry A. Lepper, Jr. 


From tension and torsion experiments on single crystals of alpha brass, the 
following values were obtained for elastic coefficients: (Unit: 10 


cm per dyne) 


71.2 pct Copper 77.4 pct Copper 
18.82 17.10 
—9.45 
15.55 
—-40.99 


—8.23 
14.90 
—35.7 


0.502 0.482 


ufficient to define the stress and 
for cubic crystals in the generalized form of Hooke’s 


These coefficients or parameters are 
train relations 


law referred to Cartesian coordinates 
Elastic parameters and coefficients in the cubi 
system are related by the expressions 
S S 
( [1] 
(S Sul 
S 
( [2] 
(S Sud (5S 2 Sud 
1/S [3] 
It is possible to determine all the elastic coeffi- 
ent for a cubic metal bv measuring two of the 
three elastic constant Youn modulus (EF), tor- 


sion modulus (G), or compressibility (S). The fol- 


lowin relation exist between crystallographic 
orientation and E, G and S for cylindrical crystal 
of the cubic system 

2 1(S S..) 

E 2 

( ) [4] 
R. W. FENN, JR., Student Associate AIME rffil 

ated with the Magne im Di on, The Dow Chemical 
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] 
l l 
S 4 S..) S,,] 
G 2 
( ) [5] 
Ss Ss 2S [6] 
where : represent the cosines of the 
angles between the stress axis and the respec- 
tive cube poles 
Young modulus, E, is determined by the slope 
of the elastic portion of the load-strain curve fo 
the tension test. The torsion modulus, G, ts calcu 
3 Fig. Effect 
sovy Of orientation 
on reciprocal 
~ elastic modulus 
|} for tension and 
| as torsion. 
> | Masima and Sachs 
< 
5 
lated | the usual formul of mechanics of ma- 
terial tror the hope f the elastic part of the 
torque-twist curve 
The reciprocal abuse f Your modulu ind 
the te on ! fu calculated from the exper! 
nental ‘ it mav be plotted against a functior 
f orrentation (direction cosine 
). Since $a ‘ ‘ re ‘ itior 
hip between these yuantithe extrap tior of the 
eciprocal mod te i ‘ alue of dtirectior 
iluate the coefficier S nd S fror 
the ter ’ nd t or lat ‘ ective if , 4 na 
> mav then be solved multar lv to obtain a 
itue for the coef! ent S 
The elasti nisotropys hen be evaluated 
t? ex ‘ 
S [7] 
na or tie ecome 
] 
6 
3 | 
5 
z 
= of 
| 
| 
| 
| 
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Fig 


*—Tensile stress-strain curves for single 


erystals of alpha brass 
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n homogenization anneal of 22 hr at 800 C to 
minimize chemical coring 

Orientations of the crystals were obtained by the 
back-reflection Laue technique a leveloped and 
lescribed by Greninger.” Usually at least four X ray 
photograms were taken at 90° intervals around the 
cre vstal at the center, and the 


nultiplicity of Laue spots appearing on the X ray 
photograms. The maximun pread between spot 
om a single plane was 5 . The average maximun 
alue of lineage structure obse ed on all ervstals 
vas 1! 
Specimen Preparation: Machining the crystals | 
lathe followed bv a suitable electrolytic polish 
as f nd to be the most expedient mear of pre- 
i the crystals for test. The tension specimen 
vere machined to the following dimensions: 6 in 
with a reduced section in. long by » 
an The torsior pecimens, whi contained ne 


The expression for the resolved shear stress” is 


p 


\ 


sin 7 COs A [9] 


where: s resolved shear stress 


P load 

\ cross sectional area 

J angle between the axis of the speci- 
men and the operating glide plane 

A angle between the specimen axis 


and the slip direction 


At the initial onset of extensive plastic yielding, 
this above expression becomes the critical resolved 
shear stress 


Resolved 
relationship 


shear is obtained using the following 


t — {\/ d sin A cos A} [10] 
sin 7 
where: t sheat 
d l/l where l origi 
y. and A, as above for original orientation 


ritical re- 


the « 


maximum elastic 


The value of the elastic shear at 


olved shear stress (1.e deforma- 


tion) follows from the equation 
4 ] 2 
[tS S.) Sul 
[S 2(S S.)] [ll] 
P 
where in ¥ COS A 
A 
(i.e. critical resolved shear stress) 
and 
cos A sins 


\ 
Experimental Procedure: Single crystals 9 16 in 


in diam were made by Bridgman’s method’ of slow 
olidification from the melt, at a rate of 4.8 in. per 
hr. Crystals made in this manner were then given 


imference of the c1 


esul orientation values averaged. The prob- 
ble iracy of the orientation determinations in 
i better thar ind In most Case 
obably within ! of the true omentation 
The lineage structure (13) type of erystal im- 


ctlior noted in almost all crystals from the 


Was 


188 


s 
: 
us 
' 
| 
j 
' / 
t 


reduced section, were machined to 5/16 in. diam 
by 5!» in. long. The crystals were turned at slow 
speeds taking a chip of approximately 0.002 in. in 
the early stages and 0.00! in. in the finishing opera- 
tion 

Subsequent to machining operations, the gauge 
length of the crystal was electrolytically polished 
to produce a smooth, stress-free surface which was 
suitable for microscopic examination. An_ elec- 
trolyte, suggested by Rodda,” of chromic acid (200 
g per liter of water) was contained in a stainless 
steel cathode pot suitably masked with paraffin at 
the bottom, in order to minimize the tapering et- 
fect brought about by its shape. The crystals were 
polished at one minute intervals for 15 min., utiliz- 
ing a current density of 6.5 amp per sq in., while 
agitating the solution constantly. A total of ap- 
proximately 0.026 in. was removed from the dia- 
meter of each specimen 

To ascertain that all crystals were free from 
machining effects prior to testing them, three or 
four X rays were taken at the center of each crystal 
at 90 positions on the periphery. Absence of Laue 
pot distortion was interpreted as evidence that the 
crystal were free from. significant measurable 


strains exceeding the elastic limit 


Tension Tests: The tensile specimens were ex- 
tended in a Southwark Emery testing machine at a 
l 


rate of loading of approximately 100 Ib per min 


Load values could be estimated to 5 Ib and the 
cale was accurate within 1 pet 
Strain measurement were made with SR-4 


bonded esistance 


Pf1 + Ze 
S 
A r 
where A is area and r is radius of the section. Thus 
for a ‘2 in. diam specimen, the maximum stress Is 


> 

increased 0.8 pct above the average ; for each 0.001 
in. eccentricity. Since plastic deformation will occur 
when the maximum stress becomes sufficient, vield- 
ing will start at an unduly low average stress de- 
pendent upon the amount of eccentricity. This can 
result in the appearance of a false anelastic portion 
of the stress-strain curve, and misleading value 
of critical resolved shear stress. If average strain 
is measured and plotted against average stress, 
then the slope of the curves and value of E will 
remain correct for the straight line portion despite 
eccentricity of load 

The tensile grips used here consisted of ball bear- 
ing supported gimbals holding the clamps on the 
ends of the specimen. For the relatively light loads 
in these experiments friction in the gimbal sup- 
ports was found to be negligible. The specimen 
fixed in its clamps could be adjusted by set screws 
to position the specimen axis accurately with re 
pect to the crossing axis of the gimbal bearings 
This adjustment was made by trial until the strain 
were equal around the specimens 

Fither- three or four SR-4 gauges were suitably 
placed on each crystal by means of nitrocellulose 
cement at 90° intervals around the circumferenct 
of the crystal. Two were placed perpendicular to 
the plane containing the specimen axis and the 


600 
gaude (A-1 and A-8 types) in 
all case except Crystal No. 6 
n which case two Huggenberget 
extensometers were utilized. An 
SR-4 portable strain indicator 
Type K, was used for the meas- 
urement with the wire gauges 
With such equipment strain read- 
ings of necrements as small as 
214 millionths of an inch per 
neh car be estimated without — 
difficulty The accuracy the 


l 


manufac 


pet, 


vaupe 


modulu 
1 pet and can be cemented 


thout) marku 


mMducing nign 
cal stre ‘ uch as occu it the 
ichment of mechan 


was taker n 


these test to ovotatrr accurate 


. 3—Tensile stress-strain curve for single crystal of alpha brass. 
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e 
Ve 
| 
strain reading vithir | 
as determined by the ¢ 
turer’s calibration of the =! 
factor These gauge thus »ro- : ae 
vide high fo ob 
‘ of the small strains en 
countered ifficient accuracy for 
the to 
to 
the 
t} 
cal extensomete 
Particular care 
axial alignment of load and, : 
eccentric by an amount “e” in a . 
pecimen of circular section i ee 
A 


1600 


+ + 
bal 
« 
800 
400 
° 
° 800 1600 2400 
6 
SHEAR (t) X10 
Fig. 4—Tensile shear-strengthening curve for 
single crystal of alpha brass No. 31. 
lip direction in order to assure comparable de- 
formational measurements inthe plastic range 
‘ The train of these two gauges were compared 
with each otnet! n the train ndicator Dox Upon 
loading the crystal, both gauges would change re- 
tance at the ume rate, producing zero deflection 
or the naicato needle if the pecimen axis and 
* the tre axl wert n alignment. If perfect align- 
ment were not btained, the strain indicator needl« 
ould deflect in proportion to the ay } hed load and 
the ame nt eccent city Therefore bs loading 
to 200-300 It mn the elasti unge the alignment 
cr i be eadjusted DY meal of the set screws so 
| that there was no deflection of the indicator needle 
24.0 
% 
60 
° 160 240 520 


ORIENTATION FUNCTION 
Fig. 5—Effect of orientation on reciprocal elastic modulus 
for tension (71 pet copper alloy). 


178 


If the indicator needle remained undeflected as the 
load was removed, this indicated that the align- 
ment was satisfactory in one direction. It then re- 
mained to obtain satisfactory alignment in the 
direction at 90° from these gauges. This was ac- 
complished by matching the third gauge against 
one of the first two, or, when the crystal had four 
gauges, matching the two remaining gauges against 
each other. The variation in strain readings around 
the specimen was held to about 1 pct 


Torsion Tests: A torsion balance similar to that 
of Goen’s” was constructed in order to obtain the 
free torsion modulus. The torsion wheel was 
mounted on precision ball bearings which had a 
irrange- 


considerable amount of end play. This 
ment gave a no-load sensitivity of 0.3 g ( g pel 
cm torsion moment) 

Torsion measurements were obtained by measur- 
ing the deflection of a beam of light reflected from 
two mirrors which were fastened to the surface of 
the specimen along the same cylindrical element 
Two calibrated traveling microscopes were read to 
0.001 mm permitting twist measurements within 
one second of arc 

The load was applied by means of calibrated 
weights added at intervals which permitted accu- 
rate reading of the microscopes. The alignment of 
the stress axis with the specimen axis was accom- 
plished by centering the grips on the torsion wheel 
axis (torsion axis) and then sliding the axis suffi- 
ciently to permit subsequent insertion of the speci- 
men 

Chemical Analysis: All crystals were analyzed 
for copper to determine the amount of zinc which 
had been lost by vaporization and the amount of 


égregation which occurred during the melting and 


solidification, respectively. The electrolytic method 
was used for the determination of copper, as de- 
scribed by the A.S.T.M. Standards A spectro- 

aphic analysis for impurities showed the Pb, Fe, 
Si to be less than 0.01 pet 


Experimental Results 
Tension: Typical stress-strain and shear-strength- 


ening curves are shown in fig. 3 and 4, respectively 


The large number of observations in the elasti 
ange together with the close definition of the line 
illustrate the sensitiveness of the apparatus used 
Sharp vield points as illust-ated were obtained on 
most crystals. However, some specimens showed a 
marked anelastic region resulting in slow yielding 
the cause of which is not apparent. Eccentricity 
rate of loading and faulty application of gauges 


are possible causes. It is apparently not an inherent 


function of orientation, since it was found with 
crystals in different portions of the stereographic 
triangle In one case the same crystal produced a 


adual vield and later after loading adjustments 


a n I vit ld 
Reciprocal Young's modulus is plotted against 
the direction cosines in fig. 5 for crystals averaging 
Tl pet copper (68.3-73.9 pct). These data closely 
icfine a straight line, which, when extrapolated to 
ero value of the orientation function, gives an 
ercept lue of 18.82 10° em per dyne which 


: the value of the elastic coefficient S 
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The values of critical resolved shear stress 
(C.R.S.S.) were calculated for all crystals whose 
data were suitable for this purpose. Seven crystals 
having a composition of 71.2 1.25 pet copper 
gave an average C.R.S.S. value of 1900 psi (1.33 kg 
per mm‘) with an average error of 1 pet (table 
I). In view of the relatively complete coverage in 
the stereographic triangle (fig. 6) it is considered 
that these values are a strong substantiation of the 


Fig. 6—Orientation of single 
crystals used to determine 
critical resolved shear stress 
for 71 pet copper alloy. Upper 
number’ indicates crystal; 
lower number indicates criti- 
cal resolved shear stress in 
psi. 


Y 
Table L. 
Critical Resolved Shear Stress and Elastic Shear 
\verage 


Copper CRASS 
Cortent Kg per mm 


1 
240 320 


160 
ORE FUNCTION 
Fig. 7—Effect of orientation on the shear at yielding 
(71 pet copper alloy). 
critical resolved shear stress formulation of Schmid 
cross-section 


specimens of circular 


and Boas’ for 


It appears therefore that the large variations in 
critical 


are entirely the result of surprisingly large exper- 


resolved shear stress previously reported 
mental differences 

Also in table I are the values of the elastic shear 
at the stress (y,). The 


elastic shear is approximately constant only for 


critical resolved shear 


omentation functions (direction cosines) below 


about 0.24, above which the shear decreases due 


RADIANS 


. &—Torsion stress-strain curves for single crystals of alpha brass (71 pet copper alloy). 
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A Fig. 9—Orientation of single crys- 
“ tals used for torsion tests (71 pet 


copper alloy). 5 


/ 


Fig. 10 — Effect of orienta- 


tion on the reciprocal elastic 4 
modulus for torsion (71 pet P L i 4 
e 


2 


copper alloy). 


to the increase in the ilue of the econd term of | 
wig Eq 11. The average value (40.0 x 10°) is lower 
than that of Masima and Sact (43 x 10 ) which 
: may be explained by the critica esolved sheat 90.0) wo 200 300 
f : tre (1.44 ke pe mm) compared to the lower ORIENTATION FUNCTION 
, ilue (1 \ me mm) use n the present in- cm per dyne) determined by Goens and Weerts 
vestigatior for unalloved copper rather than that of Kimura 
Resolved shear (t of Eq 10) at the critical re (16.4 x 10°) 
sIlved shear stre how decrease with increasing Discussion of Results 
} value f direction cosine (I 7) rhe gnificance The values for the elastic coefficients of alpha 
if these data juestionable nee the calculatior brass (71.2 pet Cu) shown in table II are somewhat 
i inn a erystallographi elast leformatior lower than those reported by Masima and Sachs 
mecha elore yield the me as that Howevet there would be rather good agreement 
J , ecurri ring plastic deformation. These valu between these two sets of values if the extrapola- 
of resolved she are not constant, and the scatter tions of Masima and Sachs had been drawn through 
: of point ests that it not of basic importance their experimental points rather than above them 
to the p proce a hown in fig. 1. The reason for their choice of 
' : Torsion: Although the t on balance was cor extrapolation is not apparent 
tructed t illow flexure torsion couplings The alue for the elastic coefficients for alpha 
i Table Il. Elastic Coefficients brass (77.4 pet Cu) shown in table II indicate that 
“ the numerical values of these coefficients Increase 
f ‘ , vith increasing zinc content. These data are con- 
tent with the value for unalloved copper re- 
ported by Goens and Weerts which, when plotted 
= | against weight percent zinc in alpha brass, approxi- 
‘tf mated the following linear relationships (unit: 10 
14.9 0.118 (wt pet Zn) 
; ; S 6.3 0.095 (wt pet Zn) 
P The evaluations of elastic anisotropy in table III 
dicate that increasing zine content increases both 
the elastic anisotropy and Poisson's ratio for alpha 
ind Weert value for unalloyed copper, the fol- 
S,./S 0.420 0.0028 (wt pet Zn) 
Effect of Composition rm i ! emelt The value of 1.33 kg per mm’ for the critical re- 
! ( te t t ! ! ver- olved shea tress of alpha brass (71.2 pet Cu) ts 
coppe ntent 1.0 pet. I ll nd 12 owe thar the values of Masima and Sachs 
how the re t the tensior nd t n test von Goler and Sach Burghoff and Martin,’ but 
‘ ective n these t The effect fw ! he than the values of Maddin. Mathewson and 
ere ! the tent t lecrease the recy Hibt ! The accuracy of the experimental 
\ i the metnod and the mall average deviation (0.01 kg 
i mod I btained for the « tic er mm) of the values strongly substantiates the 
coefticient f the oppe o ‘ ted it critical resolved sheat tress law of Boas and 
table Il. Th wecre ‘ ns vit nere ! pp schmid The iverage elastic shear at the critical 
ontent i tantiate the e tS 0 esolved hea tre was 40.0 x 10 somewhat 
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Fig. 11—Effect of orientation on the reciprocal elastic ° 
modulus for tension (77 pet copper alley). 


lower than the values of Masima and Sachs a elastic 

might be expected from their higher values for the 

critical resolved shear stress and elastic coefficient 

The variation in this elastic shear was as predicted a 

from the critical resolved shear stress law ‘ 
ipparatus and 


Summary: From tension and torsion experiment specimens. The 


on single crystals of alpha brass, the following Conn., and the 
Table Hl. Measure of Elastic Anisotropy 
Max Min G. Max GM 
ke per mar ke per mm ha pe m ke pe 
Per Cent Direct Direct Directior Dire 
pe itt it ( ! eral 


values were obtained for elastic coefticient (Unit 


per dyne) 


1942) 147, 128 


ied from A. B. Grening 
upon orienta- M. J. Buerger 
J. L. Rodda 

E. Goen \ 
ASTM Stand 


ige the intere E 


stress averaged 40.0 x 10 and va! 


ix 10 


25.3 x 10° to 53 depending 
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The Alloy Systems 


Uranium-Aluminum and Uranium-lron 


The phase diagrams for the systems uranium-aluminum and 
uranium-iron have been determined. For each system several inter- 
metallic compounds occur. The solid solubility in the terminal 


phases is very limited in all cases. 


by Paul Gordon and A. R. Kaufmann 


manufacture and use of uranium 


HE large-scale 


in conjunction with the atomic energy develop- 


ment during the war led to a need for knowing the 


‘ 


equilibrium diagram ot 


other metals. The 


uranium with various 
with aluminum 
among that 


Much of the work was 


alloys of uraniun 


and with ron were the first were 


tudied for thi 


purpose 


done in the manner of a survey 


ary to determine the important features of the 
phase diagran ather than to obtain completely 
fetailed result For this reason no attempt was 
made to locate exactly ich features as liquidus 
lime olid solubility limit and compound and 
eutectic Compositior It believed, however, that 
there are m ea nace cl in the diagram 
eported here ind that no important point were 
overlooked 
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Materials: The uranium used for making mo 


f the aluminum allovs was obtained m material 
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vacuum at M.1LT. Because of the lack of an ade- 
supply of metal, it was necessary to use ma- 
from several different batches and hence it 
is impossible to state an exact analysis. However, 
a few results indicated about 0.01 to 0.03 pet iron 
and probably about 0.03 to 0.05 pet carbon. Toward 
the end of the work a small amount of metal was 
Brown University and from Iowa 
and this was used in determining the 
metal some dilute 


quate 


terial 


obtained from 
State College 


and in 


transformations in pure 
alloys. All of the aluminum used in this investiga- 
tion came from a supply of high purity metal 


which was ob- 
Mehl of the 


than 99.9 pet aluminum) 
through the courtesy of Dh 
Institute of Technology 

The uranium making the 
iron was produced by the bomb reduction 


(greater 
tained 

Carnegi 
with 


used for alloys 


process 


which has been described by J. Chipman. This 
metal, after vacuum melting, contained about 99.9 
pet uranium by weight with carbon and iron as 
the chief impurities. Electrolytic iron containing 


0.020 pet nickel and 0.009 
the melts 


about 0.012 pet carbon 
was used in making 
The melting of the alloys 
development which 
beryllia-lined 


pet copoel 


Melting Equipment: 


went through a stage of cul- 


minated in the use of beryllia or 


crucibles and in the use of high frequency heating 


in either vacuum or In an atmosphere ot argon 
It was found that 


ees above its melting point would pick up alum- 


uranium at a few hundred de- 


num and to a lesser extent silicon from an alundum 


thimble while aluminum above 1000 C would ex- 
act silicon from the impure alundum. No reaction 
f either metal with bervllia was noted at tempera- 
tures as high as 1800 °C. The distillation of alum- 
im from the aluminum-rich alloys was quite 
troublesome at temperatures above about 1300 °C 


only partially avoided by the use of argon 


Melting in 


instead of vacuum resistance 


, 
- 
L.. Guillet 
Experimental Procedure 
/ 
prepared by Metal Hydrides Inc and melted in furnaces, 
VO. 


without the benefit of eddy current stirring, was 
found to produce worthless alloys because the ex- 
treme difference in density of the metals made the 
attainment of a homogeneous alloy very difficult 
Induction heating largely overcame this difficulty, 
although a considerable amount of segregation oc- 
curred during the solidification of the melt in the 
crucible. No attempt was made to cast the alloys 
which were only about 1 or 2 cu in. in volume. The 
for all 


final ingots were sufficiently homogeneous 
but the most exacting studies and for such purposes 
it was usually possible, by means of metallographic 
inspection, to select a satisfactory portion of the 
specimen for closer examination 

Fig. 1 shows the melting equipment which was 
used extensively with a 20 KVA Ecco converte! 
The apparatus worked satisfactorily for melting by 
direct induction up to 1800°C. There was vigorou 
eddy current stirring which usually broke the oxide 
skin at the top of the metal. A vacuum of about 
10° mm Hg could be obtained in this equipment 
with mercury diffusion pumps, although during the 
initial heating the pressure often rose as high as 
10‘ mm Hg. The materials to be melted were placed 
into the cold crucible and then either heated to a 
specified temperature or heated until the stirring 
of the metal indicated a thorough mixing of the 
liquid, after which solidification was allowed to 
take place 

Examination of Specimens: The ingots as solidi- 
fied were examined for segregation and poor alloy- 
ing by grinding and polishing a flat portion the 
length of the specimen, followed by metallographic 
examination. If the alloy passed this inspection, a 
portion was cut off for chemical analysis and for 
a more detailed metallographic and X ray exam- 
ination while the remainder was used for thermal 
analysis 

Most of the alloys were given a chemical analysis 
and usually the results were fairly close to the in- 
tended composition. However, there were a numbet 
of discrepancies which were caused partly by in- 
homogeneity in the alloy and partly by unsatis- 
factory chemical technique. This was particularly 
true in the aluminum-rich alloys where the chemi- 
cal procedure failed completely It was necessary 
to use spectrographic analysis in such cases, and 
this had an added advantage in that small regions 
of the allov could be selected under the microscope 
and then be broken out for analysis. The uncer- 
tainty as to the exact composition of some of the 
allovs made it difficult to fix the precise location 


‘ 


of some of the phases, but with the aid of X ray 


diffraction patterns and critical metallographic 


examinations, it was possible to arrive at fairly 


satisfactory conclusions 

Metallographic polishing was accomplished by 
mounting the specimens in bakelite and then going 
through the usual series of abrasive papers and 
ending on a silk-covered wheel with magnesia a 
abrasive. The specimens containing large amount 


of intermetallic compounds had to be handled care- 


fully in the rough grinding in order to prevent tear- 
ing out the brittle phase The alloys containing 
up to 67 at. pet aluminum or iron were usually 
given a brief electrolytic etch in a solution of 5 
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Fig. 1—Induction melting furnace. 


parts phosphoric acid, 5 parts ethylene glycol and 
8 parts ethyl alcohol, while the higher aluminum 
alloys were etched with a 1 pet hydrofluoric acid 
solution. The high iron alloys were etched with 


nital 


X ray diffraction patterns were made in a Debye- 
Sherrer camera, using powders formed by filing 
the softer alioys and by grinding the brittle com- 
pounds in an agate mortar. It was necessary to 
anneal the filings in evacuated quartz tubes to get 
harp lines, but the grindings gave satisfactory pat 
terns without any treatment. The uranium-rich 
powders usually gave a weak pattern of UO,, but 
this did not interfere with observation of the lines 
due to the metal. Several attempts were made to 
quench uranium-rich powders from about 1000°C 
by breaking the quartz capsule under water, but 
this always yielded nothing but UO.. Calibration 
of the X ray film was done by means of tungsten 
lines 


Heat-treatment of Specimens: Most of the alloy 
were examined a olidified but in certain cases it 
was necessary to heat-treat and quench. This wa 
accomplished by sealing off specimens, which were 
about 's in. diam, in an evacuated quartz tube 
which was broken under water for the quench. The 


quartz tube was fastened to a block of nickel which 
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erved both to give a uniform temperature In the 
furnace and to act as a hammer for breaking the 


ul 
quartz 

It was found that the uranium-rich alloys would 
react with the quartz at temperatures above 1000 ¢ 
rostruc- 


and pick up enough silicon to alter the mi 
ture. In order to avoid this the specimens were 
placed inside tiny cups of BeO and then sealed up 


as before. This technique was satisfactory up to 
about 1300°C, at which temperature the devitri- 
fication the quartz became eriou A mall 
amount of heat-treatment at ten peratures ip to 
1400°C was carried out in an atmosphere of purl- 
fied helium which was maintained unde slight 
pressu inside a Zircofrax tube. This arrangement 
sufficient protection from oxidation to allow 
several hours heat-treatment. Some of the 
aluminum-rich alloys were heat-tre od at 500° to 
600°C for as long as a week in a vacuum of about 


10° mm Hg without serious oxidation 


Fig. 2—Apparatus for thermal measurements. 


Fig. 3 (below)—Uranium-Aluminum equilibrium 
diagram. 


neasurement leterm Deter 
sith solid 


sinat 
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Thermal Measurements: After removing a por- 
tion of the ingot for metallographic examination, 
the remainder of the specimen was used for thermal 
analysis. A hole was drilled into the softer speci- 
mens to receive the thermocouple while the harder 
and more brittle alloys were crushed to a powder 
which was packed around the thermocouple. A 
bare thermocouple was used for some of the lowe 
temperature measurements in the solid state, while 
a magnesia tube was used for protection against 
the uranium-rich alloys at higher temperatures 
and a quartz tube inside a magnesia tube was used 
for the high-aluminum alloys. This amount of pro- 
tection was necessary because of the aluminum 
vapors which quickly attacked the platinum-plati- 
num-rhodium thermocouple 

Observations were made in a resistance furnace 
using the inverse rate method and taking reading 
every 5 C, although this was sometimes reduced 
to 1 C. The heating or cooling rate generally wa 
about 5° to 10 C per min, but sometimes was as 
low at 1°C per min. Several attempts were mad 
to secure a constant rate of heating or cooling. One 
of these consisted of using a temperature controller 
and two thermocouples to maintain a constant tem- 
perature difference between the specimen and the 
furnace. This procedure was satisfactory in the 
lower ranges of temperature, but led to spuriou 
effects above about 1200 C. A variation of the 
technique was to maintain the temperature differ- 
ence manually instead of with a controller and thi 
was more satisfactory since it avoided the small 
fluctuations due to the on-and-off cycle of the con- 
troller. Another method consisted of driving the 
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Fig. 4—Microstructures of cast Uranium-Alumi 
num alloys. 
Electrolytic etch, TOON. a. at. pet Al; UAle at grain bound 
iries and within grains of uranium-rich eutectic b 20 at 


Al; dendrite and grain boundary UAle in uranium-rich eutectic 


pot massive LAL uramum-rich eutectic 


temperature setting of the controller slowly up o1 
down, but this again did not give a_ sufliciently 
moeth variation. The procedure which was finally 
adopted was simply to raise or lower the voltage 
applied to the furnace by increments large enough 
to effect a change of about 200° to 400 C in the 
temperature and then to conduct readings during 
the time that the rate of change of temperature 
was satisfactory. This meant a certain amount of 
repetition in order to get the temperature range 
to overlap but the method still was considered 
more satisfactory than the others 

The thermal measurements up to about 1550°C 
were made in the apparatus shown in fig. 2. Most 
f the work was done in a vacuum of the order of 
10° mm Hg, but occasionally an argon atmosphere 
was used. The quartz tube, which formed the 
vacuum chamber, was prevented from collapsing 
at the high temperatures by the thin graphite tube 
inside of it. The quartz lasted a long time at tem- 
peratures up to 1300 C, but was good for only 
about 10 to 20 hr at 1400 C and 2 to 4 hr at 1500 C 
A few rough observations were made at tempera- 
tures above 1550 C using induction heating in the 
egular melting furnace and reading temperature 


is a function of time 


Experimental Results—Aluminum Alloys 
The results of all the work are indicated in the 
equilibrium diagram given in fig }. This may be 
briefly immarized with the statements that the 
olid transformations and melting point of uranium 
are not greatly altered by aluminum, that three 


intermetallic compounds with the formulas UAIl 


188, JAN. 1950, JOURNAL OF METALS—185 


| 


and 


has 


the 


to gamma at 765 C, and 


186—JOURNAL OF METALS, JAN 


Fig. 5—Microstructures of quenched 2.5 at. pet Aluminum alloy. 


Plectrolytic etch, a. Quenched from 900°C.; in uranium-rich matrix. b. SOON 
Quenched trom completely solution Small particles are inclusions 
. - 
‘ 
- 
j 
‘ 
‘ 
~ 
a<° 
. 
Fig. 6—Microstructures of quenched 5 at. pet 
wi 
‘ Flectrolytic etch Quenched trom 1 in 
j b HOON. Quenched trom 1090°C LAl 
dendrit ture indicating complete melting 
AL, and UAL occur in the system and that there All attempts to fix these temperatures more accu- 
no exter t olid solubility of either metal in rately gave inconclusive results, presumably be- 
ther. The black points in fig. 3 give the result cause of insuflicient purity of the metal. The rate 
thermal measurements during heating and the of heating or cooling influences the temperature of 
1umbered circle in conjunction with the legend transformation and accordingly several heating 
indicate the phases observed by X ray and micro- runs were made at the slow rate of 1 C per min 
pic eXamination of specimens quenched from Under these conditions the transformations seemed 
temperature hown by the circles. Micrograph to occur over a range of about 5 C instead of at 
X ray diffraction patterns in support of the a definite temperature as was the case when the 
am will be described below heating rate was greater. A sample of metal (from 
The solid transformations and melting point of Brown University), which was alleged to be pure 
iranium occur at about the temperatures shown i gave more difficulty in this respect than some of 
diagram, that ilpha to beta at 655 C, beta the Metal Hydrides material. The former material 
gamma to liquid at 1125 C seemed to melt as high as 1135 C, but the latter, 
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which was used for the bulk of the alloys, melted 
around 1125°C 

The solid transformations of uranium persisted 
without any great change in the aluminum alloys 
up to the first compound, UAL. Because of the un- 
certainty in the transformation temperatures of the 
pure metal, it was difficult to decide if any signifi- 
cant change did occur in the alloys. The data in- 
dicate about 15°C lowering of the beta to gamma 
transformation to about 750°C and no change in 
the alpha to beta transformations. Quenching of 
the pure metal or the aluminum alloys did not re- 
tain any high temperature phases and thus was 
useless for obtaining the precise transformation 
temperatures 

A second phase is apparent in even the most 
dilute aluminum alloys as cast, and the amount af 
this phase increases continuously with the alum- 
inum content until at about 67 at. pet aluminum 
the alloy These changes are 
illustrated in the micrographs of fig. 4 

The solidus temperature of the uranium-rich 
alloys is lowered to about 1105 C as shown by the 
thermal measurements and since this temperature 
remains the same all the way to UAL. it is believed 
No typical eutecti 
structure is apparent in the uranium-rich alloys 
and this makes it difficult to fix the eutectic com- 
position by microscopic examination. The lack of 
such a structure is believed to be caused by the 


becomes one phase 


that a eutectic reaction occurs 


fact that the eutectic occurs so much closer t 
ranium than to UAL, that the amount of the latte: 
phase is very small at this composition. However 
the thermal measurements (shown in fig. 3) and 
experiments, to be described 
below, fix the general locality of the eutectic at 
pet aluminum. Liquidus lines were not 
sutisfactorily observed at this portion of the dia- 


Various quenching 


about 5 at 


xram and hence these could not be used to locate 
the eutectic composition 

The maximum solid solubility of aluminum in 
gamma uranium was determined to be about 4 to 

at. pet at 1105 °C 
periments illustrated in fig. 5 and 6. It can be seen 
precipitated UAI 
ic temperature in the 5 at 


as shown by the quenching ex- 
that some persists up to. the 

pet alloy, but that 
into solution in the 2.5 at. pct specimen 
The existence of the eutectoid at the beta to gamma 


eutect 


it all goes 


transformation has been assumed on the basis of 
a shght lowering of the transformation tempera- 
ture in the alloys but the exact location of it is un- 
known. No lattice parameter measure- 
ments were attempted, so it is not known to what 
extent the aluminum remains in the alpha uranium 
after quenching. However, an age hardening effect 
described later, indicates that the 
aluminum does remain in solution 

X ray diffraction patterns of alloys with increas- 
ing aluminum content substantiate the conclusior 


precision 


which will be 


that no additional phases exist between uraniun 
and the compound UAL. The identification of thi 
compound as UAL is based on microscopic exam- 
ination of the alloys and on the crystal structure 
determined by X rays. Because of the difficulty 
with chemical analysis and inhomogeneity in the 
alloy the micro-examination could not fix the 
location to better than about 2 at. pct. The X ray 
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crystal structure analysis was not carried out far 
enough to give a unique molecular formula for the 
compound, but comparison of the density obtained 
by direct measurement with that calculated from 
the measured unit cell gave fairly 
tiation to the formula UAL; values of sin# using 
K-alpha radiation are given table lL The 
lines may be indexed on a diamond cubic pattern 
with a 7.74 A. This must mean that there are 8 
uranium atoms to a unit cell, since the scattering 
from the aluminum atoms is very small, and hence 
there would be 16 aluminum atoms in a unit cell 
if the formula UAL, is correct. With this number of 
atoms to a cell, the X ray density ts 8.38 g per cm’, 
while the measured density is 8.21 g per cm’, This 
is a fairly good check considering the experimental 
difficulty of getting a sound and homogeneous alloy, 


good substan- 


coppe! 


but the result probably is not good enough to prove 
the formula UAL. A calculation of line intensities 
which would prove this point, was not made at 
M.1.T 

The melting point of UAI 
termined because of the difficulties encountered at 
high temperature. The thermal effect shown at 
about 1590 °C is believed to be significant, but it 


was not uniquely de- 


was obtained under poor conditions using induc- 
tion heating. No evidence of an appreciable solid 
solution range on either side of this compound wa 
found 

The next phase on the aluminum side of UAL is 
the compound UAL, and in this case the formula 
has been proven to be correct by an X ray crystal 
structure together 
with the line intensities and indices for the diffrac- 
tion pattern of UAL, are given in table IL. The pat- 
tern is that of a simple cube with relatively small 
deviation from the expected line intensities. This 
must mean that the uranium atoms are at the cor- 


determination. The sin#@ values 


Table L. X Ray Diffraction Results for UAL: Diamond 
Cubic Lattice: a = 7.74 A (true unit). 


Line Intensit 
‘4 
nevs of a cube and, if aluminum atoms are placed 


at the faces of the cube, the calculated line intensi- 
with the 


parameter of the cube i 


observed value 


4.27 A and 


check very closely 


The lattice 
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Fig. 9—Uranium-tron equilibrium diagram. 


© Therm measurement determinations 


Fig. 10—Microstructures of Uranium Iron alloys in the as-cast condition, 
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Fig. 11—Microstructures of Uranium-Iron alloys in the as-cast condition. 
etch. a. SCOX at. pet iron; massive plu 
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Fig. 12—Microstructures of Uranium-tron alloys in the as-cast condition 
a. at. pet nassive Ubeo plus eutectic of in b 
‘ Lte te 


Fig. 183—Microstructures of Uranium-tron alloys in the as-cast condition 
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Fig. 14-—Microstructures of Uranium-tron alloys in the as-cast condition. 


Nital etch. a. SOON. 80.5 at. pot trom; massive UFe: plus eutectic of Fe in UFe b. SOON. 85.7 af. pet iron; massive Fe plus 
eutectn of Fe in UFe 


Fig. 15—Microstructures of Uranium-Iron alloys in the as-cast condition. 


massive be plus eutecti of Fe in Ube b o at. pet iron; massive Fe plus eutectic of 


V4, Siw 


Fig. 16—Microstructures of Uranium-tron alloy containing 91.8 at. pet iron: 


‘ 912°C) tor alpha to gamma 
enched tror bh juen rom 17 Widmanstatten structures in iron phase 
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Table Il. X Ray Diffraction Results for UAL: Simple 
A (true unit) 


Cubie Lattice: a. = 4.27 


le f UA The e 


Table IL. X Ray Diffraction Results for UAI : 
Structure not Determined 


“ hh Line Intensit Line Intensity Line Intensity 
‘ { 
4 ays 
5 » 4281 
$035 
| 
$954 
taki ‘ iranium atom and three ilumin 
t t i t cell, a calculated density f 6.8 
‘ btained. The me ired density ts only 
6.4 } er but the disagreement th the cal 
‘ ut due to the difficulty in getting a pear in the diffraction patterns. Thermal measure- 
ol ( pecimen of fa arge size ments usually gave a weak indication of the eutectic 
\ etween UAL and UAL, show a two-phase at 640 C (between UAL and Al) in the alloys lying 
ture with each constituent in ma e form a between UAI, and UAL, and this was apparently 
. n the micr ipt 7 TI tructure due to residual aluminum. An 80 pct aluminum 
th e clear-cut thermal data shown in pecimen which was annealed at 700°C for about 
. hat UAL, forms | means Of a pr week gave only a very feeble effect at 640 C, 
t ‘ between UAL and liquid. The pe whereas in the cast condition this thermal break 
‘ a bserved or Hoy had been much stronger 
ted at about 0 C. No atten ‘ Alloys on the aluminum side of UAL exhibit a 
‘ act extent of the peritectic trong thermal effect at 640°C (fig. 3) which is due 
eld t eutectic reaction between UAL and aluminum 
\ vhicl lered be 


evealed by the micrographs in fig. 7c and 7d 


itectic composition has been placed at about 
ne ¢ tence of this cor na 1.7 at. pet uranium (13 wt pet) by noting the inter- 
x Tract tte 1 the ection of one of the liquidus lines with the eutectic 
‘ata, which Heate peritectic horizontal. Points on the liquidus line this 
UAL, and 1 at about 730 ¢ nstance were obtained by chemical analysis of sam- 
7 UAL has not bet lefinitel ples of the liquid which were in thermal equilib- 
ce the cryst tructure f not been ot um with the compound at a series of tempera- 
me tl x iif! tor itterr the ture These results have been plotted in fig. 3 and 
1 t the Nowe Ve e listed 
I] t hic examination | es the H at) 
t f \ but a iif? 
‘ vit homogeneity and chemi nalvsi the undetermined portion of the liquidus line has 
‘ ! ecise determinatior been drawn to join the known part 
Ca etween UA i UAI hibited The existence of the eutectic and peritectic re- 
! \ Niase ture which cor ctions In this range of alloys was further checked 
‘ ( ‘ by metallographic and X ray examination of speci- 
ead I n ‘ ner quenched from above and below these tem- 
1 led state. TI tru¢ perature The results of this examination are in- 
r te I eat treatme t licated in fig. 3 and are illustrated by the micro- 
‘ te ‘ ‘ phs of tig. 8 Specimens quenched from above 
db t t he peritectic temperature were especially revealing 
ect t nee the diffraction pattern of UAL, would disappear 
t va er i be replaced by that of UAI, and aluminum. 
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Table IV. 
I 


X Ray Diffraction Results for UFe : 
amond Cubic Lattice, a, = 7.050 A (true unit) 


Line Intensity 


solubility, if any, of uranium in aluminum since all 
evidence indicated that it must be very small 


Experimental Results—Iron Alloys 


It was found, as shown in fig. 9, that there are 
eight solid phases comprising the uranium-iron 
ystem: alpha, beta and gamma uranium: alpha, 
gamma and delta iron; and two intermetallic com- 
pounds. No X ray evidence of the existence of the 
beta and gamma uranium phases and of the gamma 
and delta iron phases was obtained because even 
brine quenching of very small specimens failed to 
retain these phases at room temperature 

One intermetallic compound was located at the 
composition UFe. (66.7 at. pct iron). Microscopic 
examination revealed a virtually one-phase struc- 
ture at 67 at. pet iron. Furthermore, it was found 
possible to index the main lines in the X ray photo- 
gram of this compound on a diamond cubic lattice 


(see table IV). The lattice parameter was then de- 
termined to be a 7.050 A. Using this parameter 


and assuming a cell made up of 8 uranium and 16 
iron atoms, the density of the compound was cal- 
culated as 13.2. This is a reasonably good check 
with the measured density 13.0 of an alloy contain- 
ing 67 at. pet iron. In view of the rapid variation 
of density with composition in the uranium-iron 
system the small discrepancy between the calcu- 
lated and measured densities may be largely at- 
tributable to the fact that the measured density 
was obtained on an alloy somewhat high in iron 
Several very weak lines appear in the X ray photo- 
gram of the UFe. compound which cannot be fitted 
into the diamond cubic pattern. The reason for the 
presence of these lines is somewhat obscure. They 
are not due to oxide, and although one of the lines 
coincides with an alpha iron position, it cannot be 
ascribed to alpha iron because other strong alpha 
iron lines do not appear 

The formula U.Fe of the othe compound ha 
been established chiefly on the basis of microscopic 


15 at. pet iron alloy 


measurements. A homogeniz 


No attempt was made to determine the solid 


Table V. X Ray Diffraction Results for U_Fe: 
Lattice Structure Undetermined 


still showed traces of the eutectic structure typical 


of the compositions between the two compounds 
On this evidence, the composition of the compound 
high in uranium was placed at the nearest simple 
formula below 15 at. pet iron. The lines in the X ray 
photogram of this compound were measured and 
their sin values listed in table V, but attempts to 
index these lines on a definite pattern were un- 
uccessful 

A study of the diagram of fig. 9 and the micro- 
graphs of fig. 10 to 16 reveals the following per- 
trnent facts about the uranium-tron system 

1. The solubility of iron in gamma uranium i 
appreciable, reaching a maximum of about 1.5 to 
2 at. pet iron at 815 C. A homogeneous alloy con- 
taining | at. pet iron does not begin to melt until 
a temperature of 975 C is reached, and it is not 
completely molten until 1115 C is attained 

2. The solubility of iron in alpha and beta urani 
um, and of uranium in alpha iron is practically 
gible 


3. The gamma iron field is quite limited. Its 
actual extent has not been determined, but is known 
to be less than 0.5 at. pet of uranium 

4+. At the uranium-rich end, there is a peritectic 
reaction which occurs at 815 C involving the phase 
gamma uranium, liquid and U.Fe 


9 At 770 C, a eutectoid reaction take place be- 


tween the phases gamma uranium, beta uranium 
and The eutectoid composition ha been 
placed somewhat below 1 at. pet iron in view of 


the fact that specimens of the 1.0 at. pet iron alloy 
quenched from above the eutectoid temperature 


till show the presence of some U.Fe in the form 


lobule juite a bit larger than the eutectoid 
particle in f 

6. A phase change between alpha and beta urani- 

im appea at 675 C in the composition range be- 
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almost pure uranium and the compound 


tween 

Jetween the two compounds U.Fe and UFe, a 
eutectic transformation occu! at the surprisingly 


Por 


low temperature of 725 C 

8. The compound UFe. melts at 1235 C creating 
an open maximum in the diagram 

9. At 1080 C eutectic transformation 
appears, involving UFe. gamma iron, and liquid 

10. The alpha to gamma transformation In tron 
occurs at about 910°C. In this case, the thermal 


anothe! 


data were omewhat inconsistent. The thermal 
holds obtained on the alloys containing 91.8 at. pet 
iron and above were all omewhat high The 80.5 


at. pet iron alloy showed the alpha to gamma break 
only after complete homogenizing and even then 
a large spread between the the rmal holds of cool- 
ing and heating appeare d as indicated in fig. 9 The 
icroscopic evidence of this transformation was 
Specimens of the 80.5, 91.8, 


m 
quite definite, howeve 
and 99.0 at. pet iron alloys were quenched from 
just below and ist above 910 C. The resulting 
ictures for the 91.8 at. pet iron alloy are 


microstt 
illustrated in f 16. The Widmanstatten structure 
appearing in the iron phase of the specimens 
quenched fron t above 910°C good proof that 
the tron ha indergone a phase change. There 

ome igen of very finely dispersed precipitated 
partich in the iron phase, which is probably a 
result of the alpha to gamma transformation (see 


15a and 15b) 
11. The details of the diagram in the vicinity of 


the delta iron transformation and the melting point 


of m are somewhat doubtful. It is believed that 
the calibration of the thermocouple ised was In- 
consistently yw in this high temperature range 
The meltiu point o n, the temperature of the 
imma-delta transformation and the melting point 
of nmicke t check un were all from 15 to 25 C 
owe than the tandard value given for these 
nts. The thermal points plotted in fig. 9 for the 
high on all t and above the gamma trans- 
formation have therefore been plotted higher than 
the experimentally determined values by an amount 
(25 C) crent the melting point of iron 
up to the accepted value of 1535 C. In all the alloys 
exhibitu the gamma-delta transformation, the 
tempe ture f th eaction remains the ame as 
‘ ym. thu ignifvir negligible solid solu- 
urar in felta iron 
Properties of Uranium-Aluminum and 
Uranium-tron Alleys 
No tematic ttempt was made to determine 
thre hvsica the mium-aluminum 
i but few ( itior nade in the courst 
the phase d ! ire wortl of mention 
With regard to the three intermetallic compound 


i\ 1 the b ttle er 
to be eu rhe ina rit t t that none 
of 1 ( tcn g The der 
tie f UA ind UA e about ind 6.8 per 
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cm’ respectively, while that of UAI, was not deter- 
mined 

The possibility of age hardening the uranium- 
rich alloys after quenching from the gamma solid 
solution was explored with some care. For this pur- 
pose two alloys were prepared, one with 2.5 and 
the other with 5 at. pct aluminum. The former was 
successfully forged at about 600°C into a one-half- 
inch square bar, but the latter broke up during 
this operation and hence was available only in the 
cast condition for the later heat treatments 

Specimens of the 2.5 pct alloy were quenched 
from 1040°C and microscopic examination showed 
that all of the UAI. was in solution. The gamma 
phase was not retained by this treatment and hence 
the specimens consisted of supersaturated alpha 
uranium. This quenched material had an average 
Rockwell “C” hardness of about 29 to 31 which is 
greater than the as-cast value of about 25 

The specimens were reheated for one-half hour 
at successively increasing temperatures and the 
hardness again measured. It was found that the 
Rockwell “C” hardness decreased progressively to 
a value of about 25 as the aging temperature was 
raised to 300°C and then increased to a maximum 
value of about 35 after the 500°C treatment. This 
represents a hardening from minimum to maximum 
of about 9 to 10 R. units 
heated at 500°C for increasing times to determine 
the optimum treatment. The maximum hardness 
36 R.. was reached in about 3 hr, after which soft- 


ening occurred 


Other specimens were 


The 5 pct aluminum specimen was found to be 
quite brittle after quenching from 1040 C and also 
1090°C and micro-examination showed that some 
grain boundary UAL. still was undissolved. The 
hardness of this alloy as cast was about 25 R. after 
the quench. Aging for 2.5 hr at 500°C further in- 
creased the hardness to about 45 R, which is a sub- 
stantial increase over the annealed value. Howevet 
the hardening of this particular alloy could not be 
emplo¥ed to increase the strength of 
which 


usefully 
uranium because of the extreme brittleness 
was manifest both in quenching cracks and in spall- 
ing under the hardness indenter 

It is possible that an aged 3 to 4 at. pet aluminum 
allov would be sufficiently ductile to come within 
the range of a usable material and at the same time 
exhibit a substantial increase in hardness and tensile 
strength over that of pure uranium 

Onlv a few casual observations of the properties 
of the uranium-iron alloys were made. Both of the 
compounds U.Fe and UFe. are hard and brittle but 
do not scratch glass. A rough measurement with a 
permanent magnet indicated that UFe. is not ferro- 
magnetic at room temperature It is worthwhile to 
point out that small amounts of tron will produce 
a liquid phase in uranium above 815 C and that 
this condition may lead to hot shortness in fabrica- 
thon operations at such temperatures 
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The Alloy Systems 


Uranium-Tungsten, Uranium-Tantalum 


and Tungsten- Tantalum 


by C. H. Schramm, P. Gordon and A. R Kaufmann 


The constitutions of the uranium-tungsten and uranium-tantalum alloy systems 
have been determined and the resulting phase diagrams constructed. The relation- 
ship between lattice parameter and composition for tantalum-tungsten solid solu- 
tions has been delineated. In addition, two phases of the uranium-tantalum-carbon 

ternary system have been discovered and described. 


A* a pa f the general program on alloys of The research to be described in this paper ha: 

uranium carried out at the assachusetts Insti- served to delineate the main features of the ura- 

tute of Technology under contract W-7405-eng-175 nium-tungsten, uranium-tantalum phase diagrams 

for the Manhattan Project during the recent war, it and to check Bolton’s work on the tungsten-tan- 

was considered desirable to investigate the boundary talum diagram 

binarv phase diagrams of the ternary alloy system 

these alloys was practically nonexistent. A_ brie Metals: The tungsten and tantalum used for pre- 

ng the alloys were 99.96 and 99.65 pct pure, 

SCHRAMM ircl a arvard respectively The chief impurities in the metals 

14, P. GORDON ta of. o ! |- were about 0.02 pet molybdenum in the tungsten, 

Inst. of Tecl ind OK : and 0.2 pet columbium, 0.05 pet tungsten, 0.02 pet 

IME, is Assoc G fetallurs barium and 0.01 pet silicon in the tantalum. The 

M11 ro — sas uranium used was 99.9 pct pure, with the main con- 

taminants being iron and carbon. (An appreciable 

amount of magnesium was present in the uranium 

as received, but this distilled off during melting and 
0 is not reported as an impurity.) 

The composition of specimens indicated in the 

ibsequent figures and tables of this paper are the 

of chemical analyses on the cast alloys ex- 


TP 2765 
Transaction 
I hl hee 
1949 
tatement to the 
continuou li lutior Wa for the tantalum-tungsten alloys. For the 
| r, chemical analysis was not very reliable as a 
ult of the difficulty of separating tungsten and 
intalum chemically Consequently, the nominal 
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Fig. 1—Seale Drawing of Are melting Apparatus. 
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Fig. 4—The Uranium-Tung- 
sten Phase Diagram. 
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Fig. 5—The Uranium-Tan 
talum Vhase Diagram 
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tilted to move the are over the surface of the speci- 
men. The are required 15 to 20 v and the current 
could be varied from 200 to 700 amp 

With the arrangement just described, the upper 
portion of the specimen was readily melted, while 
the under side, being in contact with the copper, 
remained relatively cool. This necessitated turning 
the specimen over for a second heating in order to 
complete the fusion. However, the problem of re- 
fractories, which was the principal obstacle in this 
high temperature work, was neatly side-stepped 
Pure tungsten (m.p 3370 C) was readily melted 
in the are. Alloy specimens prepared were essen- 
tially homogeneous in composition as determined by 
metallographic examination. The pick-up of im- 
purities during melting was limited to copper by the 


a tungsten wire, the wire being held by a clamp 
in the upper part of the unit. After heating, 
quenching was carried out when desired merely by 
loosening the clamp by means of its parts above and 
outside the furnace and allowing the specimen and 
wire to drop into a Silicone oil bath. The whole 
operation was carried out in vacuum, the pressure 
being 10° mm mercury during heating and 10° 
mm during the hold at temperature 

With the apparatus shown in fig. 2 connected to a 
20 kva Ecco high frequency oscillator, temperatures 
up to just below the melting point of zirconia 
(2700°C) were readily obtained. A previous ar- 
rangement using graphite in place both the 
tungsten chamber and the zirconia insulation had 
allowed temperatures up to 3000°C to be reached 


ot 


Fig. 6—Typical Microstructure of As-melted and Heat-treated Uranium-Tungsten Alloys. 
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ot apparatus 
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analysis, coppe! 
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Induction Heat-treating Equipment: In order to 
facilitate the heat-treatment of alloy samples at 
high temperatures and to make possible quenching 
from these temperatures, an induction heating unit 
constructed as shown fig. 2. The principal 
of the furnace was a tungsten heating 
within a zirconia tube having openings at 
top and bottom through zirconia 
leeves to give a through The 
men was suspended within the heating chamber on 


Was in 


feature 
chambei 
both leading 


passageway speci- 
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dark phase uranium. a 


pet tungsten As- melted b 
Quenched trom 1400°¢ 


12.5 at 
at. pet tungsten 


It was found, however, that the carbon vapor pre- 
vailing in the heating chamber atmosphere reacted 
above 2300 C and 
was discarded 


quite rapidly with the specimen 


hence this construction 

Resistance-wound Heat-treating Equipment: Be- 
cause the induction unit described above was limited 
short heating periods, a high-vacuum 
constructed for lengthy 
heat-treatments at temperatures up to about 1900°C 
This of a bank of three 
molybdenum wound resistance furnaces A 
tailed drawing of of the 
fig. 3. By controlling the power input to these 


to relatively 


resistance-heated unit wa 


unit consisted identical, 


de- 
furr hown in 


one ace 1 


fur- 
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- by, x 
/ 


naces with voltage stabilizers and variac trans- specimens for metallographic examination was done 
forme it was possible to maintain temperatures by standard laboratory methods. The specimens 
to ; C over long periods of time in the range were ground through 3/0 emery paper and polished 
1000 to 1900 C. The vacuum system included a on lead laps with two grades of levigated alumina 
+ in. oil diffusion pump backed by a mechanical Three different etching techniques were em- 
pump. With all three furnaces operating at tem- ployed to distinguish the phases present in the 
peratures between 1100 and 1700 C pressures as alloys. Most of the uranium-tungsten alloys were 
low as 3 x 10° mm of mercury were obtainable etched by heat tinting, that is, accelerated oxidation 
with this pumping system of the uranium (see fig. 6). In addition, two etch- 
When it was desired to quench the specimens ing procedures were used to aid in ascertaining the 
wing heat-treated, the clamp holding the sample presence of free tungsten. One was an electrolytic 


Fig. 7—Typical Microstructures of As-melted and Heat-treated Uranium-Tantalum Alloys. 


i ethslene ¢ phosphoric acid solution socN\ White phase is uranium, dark phase tantalum 
‘ \ ced. b. t. tantalum. As-melred 89.5 pet tantalum As-melted d 56.4 at. pet 


om yw opened i the sample dropped etch in a 15 pet aqueous solution of sodium hydrox- 
through the fu we tube { coppe tee nto a ide which attacks free tungsten quite vigorously 
lard-taper tube containing mercury or Silicone but has little or no effect on the other phases in- 


: N\ ide Silicone oil was used for quench- volved. The second was an electrolytic etch in a 
nee it ha very high degree of thermal sta- olution of ethyl alcohol, ethylene glycol, and 

} t\ i an extremely low vapor pre ine Th phosphoric acid (8:5:5 parts by volume) With 20 

‘ ‘ ised | yuenct metal powders which to 40 v across the cell this etch deposits a thin film 

oe vould otherwise become contaminated with mer- on the tungsten ranging in color from brown to 
fia eur Mercu ‘ ised fo yuenchir olid sam- purple, the color depending on the voltage used 
Boe nd when so used a thin film of Silicone oil wa It was found that tantalum is affected similarly by 
} ed or e mercu to lowe e vapor pressure this etch, and most of the uranium-tantalum speci- 
f the latte nm the ten mens were etched in this way (see fig. 7). The 
: remperature n both the induction and resistance color tilm does not form on uranium, nor on any 
th heat-treati nits were measured with an optical of the extraneous phases (oxides, carbides, etc.) 

pyrometer of the disappear iment type. The encountered in the specimen 

3 weuracy of measurement was within about 20°C X Ray Techniques: Powder X ray examination 
Metallographic Technique: The preparation of with a Debye-Scherrer camera was employed to 
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confirm the identitv of the phases present, and also 
for some measurements of lattice parameters. Pre- 
cision parameter measurements were made on pure 
tungsten, uranium and tantalum, on some heat- 
treated dilute alloys of uranium and tungsten, and 
on the 20 at. pet tantalum-in-tungsten alloy* by 


means of a symmetrical focusing back reflection 
Cohen's method for analytical extrapola- 
tion was used to eliminate systematic errors. In all 
cases copper radiation was employed with the wave 
lengths: K alpha 1.54050, K alpha 1.54435, 
K beta 1.39216 A 


camera 


Thermal Analysis Technique: The procedure for 
thermal analysis is 
Briefly, it 


described adequately elsewhere 


consisted of obtaining time temperature 


curves during heating and cooling of the alloys, 
phase changes being indicated by holds in the 


curves. The reported temperatures of transforma- 
tion are those determined during heating. Tempera- 
ture was measured to an accuracy of about Ny 
with a platinum-platinum-rhodium thermocouple 
protected from reaction with the specimen by a 
thin layer of slip-cast berylhia 


Discussion of Results 


The Uranium-Tungsten and Uranium-Tantalum 


Systems: The tungsten-uranium and tantalum- 
uranium phase diagrams are qualitatively much 
alike, differing only by relatively minor shifts in 


the exact temperature-composition coordinates at 
which transformations and reactions occu As 
shown in fig. 4 and 5, each consists of four solid 
phases; namely, alpha, beta and gamma uranium 
plus either tungsten or tantalum, and a single 
liquid solution, at high temperatures, of the two 
metals concerned 

In view of the high chemical affinity of uranium 
for a great many materials, the most striking fea 


ture of both systems is the complete absence of in- 
termediate phases. Melting of the alloys in the arc 
was carried out at temperatures in the range 3000 
to 4000 C. The microstructures of several of the 
as-melted alloys are shown in 6 and 7. Micro- 
structures typical of the as-melted alloys are shown 
in fig Heat-treatments of 
eral hundred hours followed by quenching (see fig 


fio 
ne 


6 and 7 as long as sev- 
4 and 5) were carried out covering the temnerature 
range 800 C to 2300 C, but evidence for the 
formation of intermediate phases was found. Some 
typical quenched structures are included in fig. 6 
Just as for the as-melted alloys, it may be 
the heat treated structures consist essen- 
free tungsten o1 tantalum embedded 
in uranium. Only the shape and size of the primary 
particles change after heat-treatment, the particle 
growing and becoming spheroidized with increasing 
temperature and time treatment No sign of rim- 
the the tantalum i 


noticed, a phenomenon which would be expected if 


no 


and 7 
seen that 


tially of free 


ming of eithet tungsten or 


some sluggish reaction between the uranium and 
the second metal had begun X ray evidence 
corroborated the conclusion that the two important 


constituents in any allov were uranium and either 


tungsten or tantalum 
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A few extraneous gray noted 
in some of the micrographs 
lieved to be an oxide of 
Other extraneous phases 
in alloys after heat treatment, 
these phases were confined strictly 
matrix and 
tungsten o1 
all 

The terminal solid solubilities in 
nium-tungsten and the uranium-tantalum systems 
revealed to be very limited. No careful at- 
was made to determine the exact values 01 
solubilities, but metallographic and X ray 
evidence obtained to establish the order of 
magnitude of solid solution limits. For the uranium- 


particles may be 

These particles are be- 
uranium, probably UO.. 
were found 


Case 


occasionally 

but in every 
to the uranium 
observed that the 
into the reaction at 


no sign was evel 


tantalum entered 
both the ura- 


were 
tempt 
these 


was 


tungsten alloys the evidence placed the elevated 
temperature solution limits at probably less than 
one atomic percent at both ends of the diagram 
The lattice parameters of the pure metals were 


found to be 


2.8540A 
for alpha 


a 3.1651 
b 5.8683A. 
uranium 
X ray 
tungsten-rich 
small 
quenching * 


0.000O1A for tungsten and a 


4.9576A + pet 


measurements on dilute alloys in both the 
uranium-rich revealed 
changes in these parameters result of 
The tungsten lattice constant increased 


and regions 


as a 


uranium 
not 


by approximately 0.02 pet. In the case of 
the magnitude of the maximum change 
definitely determined because the nonuniform shift 
of the X ray made the indexing of many of 
the closely lines at uncertain. How- 
ever, calculations made on the basis of line indice 
which seemed most probably correct indicated that 
the decrease in the lattice parameters of the uranium 
might be of the order of 0.04 to 0.10 pet 

The high temperature solubility limits of 
tantalum in uranium and uranium in. tantalun 
were both indicated to be less than about 2 at. pet 


Was 


lines 


spaced best 


solid 


A 3.6 at. pet tantalum alloy showed little change in 
the quantity of tantalum dendrites present even 
after quenching following a heat-treatment of 7 
days at 1100 C. At the tantalum-rich end of the 
diagram the 99.2 and 98.5 at. pet tantalum alloys 
both revealed a small number of very fine grain 
boundary particles after a similar heat treatment 


The exact identity of these particles could not be 
determined, but they were undoubtedly either 
uranium or uranium oxide X ray paramete: 
measurements on these two alloy vave the result 
listed in table I 
Table L 
Increase of Tantalum Parameter on Heat-Treatment 
Ang 
\ pet Ta Not Heat treated Ouenched tram 1190%¢ 


the solid 


temperature 


olubilits 


readily 


That there 1 


of uranium in tantalum wit! 


ome increase in 
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The solidus in the tantalum system is clearly marked 
as a peritectic transformation by its appearance at 
a temperature 50 C higher than the melting point 
of uranium (1125 C). The nature of the tungsten 
solidus reaction is, however, in some doubt. On the 
basis of the slight raising of the temperature of the 
beginning of melting for the alloys as compared 
with the melting point of uramum (1135 C com- 
pared with 1125 C), this solidus reaction is tenta- 
tively also described as a peritectic transformation 

Establishment of the liquidus lines up to a tem- 
perature of 2400 C for the uranium-tungsten system 
and up to 2000 C for the uranium-tantalum system 
was accomplished in the induction unit by heating 
tungsten, or tantalum, in contact with molten ura- 
nium at a series of predetermined temperatures and 
then analyzing the solidified uranium chemically 
In the case of tungsten, uranium specimens were 
machined into cylinders so as just to fill small 
tungsten crucibles, heated in the crucibles to the 
desired temperatures above the solidus and held 
there for a period of time long enough to attain the 
equilibrium solution of tungsten (from the crucible) 
in the uranium. After cooling, the crucible was 
broken away from the specimen and the surface of 
the latter ground to remove any traces of the cruci- 
ble adhering to the alloy. In addition, a 1/64 in 
laver was ground from the specimen to eliminate any 
tungsten particles which may have gotten into the 
uranium not by solution but by intergranular at- 
tack of the uranium on the tungsten. Such tungsten 
particles were easily distinguishable under the 
microscope by their angular or spheroidal shapes 
from the dendritic tungsten resulting from solution 
in and rejection from the uranium. Metallographic 
examination revealed that these nondendritic tung- 
sten particles were almost exclusively confined to 
u region within 1/64 in. of the crucible wall 

For determination of the solubility of tantalum 
in molten uranium, the procedure described for 
tungsten had to be modified because of two diffi- 
culties encountered. First, it developed that molten 
uranium attacked (intergranularly) the tantalum 
crucibles available so vigorously even at tempera- 
tures only 100 -200 C above the uranium melting 


Table U. 
X ray Diffraction Lines for UTa C. CuKe Radiation 


mk Fig. 8—Microstructures of Some Ternary 
Uranium-Tantalum-Carbon Alloys. 
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point that the whole uranium melt drained through 
the crucible and was lost in a short time. Hence, 
bervllia crucibles were substituted for the tantalum 
crucibles. The tantalum for alloying was intro- 
duced by inserting a tantalum rod into the molten 
uranium and withdrawing the rod prior to allowing 


the alloy to solidify This technique was satis- 
factory at temperatures up to 1800°C, and was 
used to obtain the results given for tantalum in fig 


5 at 1300 1500 and 1800 C. Contamination of 
the melts with beryllium from the crucibles was 
negligible at these temperatures. At higher tem- 


peratures, reaction of the uranium with the crucible 
became appreciable so that beryllia crucibles could 
no longer The value for the solubility 

tantalum in uranium at 2000 C given in fig. 5 
obtained by melting uranium in a tantalum crucible 
which was itself placed in a close-fitting tungsten 


be used ot 


Was 


Fig. 9—Reproduction of Powder X Ray Photograms 


lines and the line intensities using Cu K a radiation 


are listed in table Il. It may be of interest to note 
that another phase of the Ta-U-C system was 
identified incidental to this investigation. This 
phase gave a face-centered cubic pattern (a 


441A) and may be observed as the second (white) 
constituent in fig. & 
In the course of the work establishing the identity 


revealed that 


of the UTa,C, ternary phase, it was 

this carbide is considerably more stable than the 
binary carbides of uranium and tantalum It has 
a verv high melting point, probably well above 
2500°C. Its deliberate formation was thus used a 
a means of decarburizing the uranium prior to 
making a liquidus determination. This was done 
by heating the molten uranium in contact with a 
tantalum rod (at the temperature at which this 
same uranium would later be used for a tantalum 


of the Three Ternary Alloys Shown in Fig. 8. 


ut. pat! allo sod tantalum lines. b. 67.3 U-26.0 ¢ ut. pot) alle line 
35.16 pot t tara mad tace centered phase lines 
Approximate Compasitio Ne analysis available 
crucible The uranium penetrated the tantalum olution run), withdrawing the rod before allowing 
crucible but was prevented from draining away by the uranium to solidify. In this way the carbor 
the comparatively stable tungsten crucible. Even remaining in the uranium was reduced to a value 
this technique failed, however, at higher tempera- too low to be detected by ordinary chemical analy 
tures, and, thus, no results are reported for tantalum sis, that is, to less than 0.002 wt pet. Using thi 
above 2000 C relatively carbon-free uranium, no further diffi- 
The second difficulty encountered was concerned culty was encountered in obtaining solution of the 
with the carbon impurity present in the uranium tantalum in the uranium for the liquidus deter- 
In the liquidus determination technique involving minations 
the insertion of a tantalum rod into the molten The Tantalum-Tungsten System: As reported by 
uranium, it was found that a layer of some new Bolton’ tantalum and tungsten form a complete 
pha e formed on the surface of the tantalum rod cri of solid) solution Since the two element 
This intervening laver markedly decreased the solu- follow one another in the periodic table, have the 
tion rate of tantalum in uranium and thus pre- ame face-centered cubic crystal structure, and 
vented the attainment of chemical equilibrium in have lattice dimensions differing by only 4.4 pet, the 
reasonable times Investigation howed that the continuous solid solution seri is to be expected on 
interfering layer was a tantalum-uranium-carbor the basis of the well-known Hume-Rothery rule 
ternary phase very near the composition 67 at In the present work, no effort was made actually 
pet Ta, 6.7 at. pet ! and 26.0 at. pet C (approx! to fix the position of the solidu and liqyfidus line 
mating closely the formula UTa.C,). Micrograph because of the extremely high temperature in- 
of several ternary alloys at and near this composi volved However, since it became necessary In 
tion are shown in fig. 8. The corresponding powde1 connection with other work to know the variation 
X ray patterns are reproduced in fig. 9. The crystal in the lattice parameters of tantalum-tungsten al 
symmetry of the phase quite low, so that its loys as a function of composition, this information 
structure was not determinable from the patter was obtained and served to corroborate Bolton 
shown in fig. 9b. The measured sin#@ values of the conclusion 
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\lloys containing 20, 40, 60 and 80 at. pet tan- 
talum respectively were prepared in the are- 
apparatus. These alloys were then homog- 
enized in vacuo for 5 hr at 2000 C. Powder for the 


X ray samples was obtained by crushing and sifting 


through a 200-mesh screen The powders were 
tre eheved at 1300 C in vacuo 
\ mentioned previously under X Ray Tech- 
pre the parameters were measured both with a 


Debye-Scherrer type camera and with a back re- 


ymmetrical focusing camera. The result 


Table U1 XN Ray Parameter Values for Tantalum- 


Tungsten System 


obtained are ven n table Ill along with value 
for the pure metal listed by Sarrett and are 
plotted ! fis 10 The experimental paramete! 
value for tantalun S3077A,. mav be seen to be 
omewhat higher thar barrett value $3026. The 
former value has been used tn fig. 10 for two rea- 
on first becuust the chief impurities the 
tantalum used t th work were tungsten and 
columbiun both of which would tend to lower. 
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Fig. 10—Lattice Parameter 

of Tantalum-Tungsten Solid 

Solutions as a Function of 
Composition. 


100 


rather than raise, the tantalum parameter; and 
second, because the shape and slope of the 
parameter-composition curve (fig. 10) indicate a 
value for the lattice constant of pure tantalum 
appreciably higher than that given by Barrett 

It is clear from the continuous, smooth nature of 
the curve in fig. 10 that tantalum and tungsten un- 
doubtedly form a continuous series of solid solu- 


tron 
Conclusions 


l The constitutions of the uranium-tungsten and 
iranium-tantalum alloy systems have been deter- 
mined and have been set forth in the phase dia- 
grams of fig. 4 and 5 

2 I'wo phases of the uranium-tantalum-carbon 
ternary system have been discovered, one approxi- 
mating the formula UTa.C,, having a low crystal 
ymmetry and an extremely high melting point, 
and the other being a face-centered cubic phase 
with a 441A 

; The tantalum-tungsten system has been in- 
dicated to be a continuous series of solid solutions 
rhe relationship between lattice parameter and 
composition for the tantalum-tungsten solid solu- 
tions has been determined 
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TELEPHONE 


our telephone uses 


ceramics. too! 


Five thousand years ago, potters were 
making household vessels of clay. As 
skill grew, grace of shape and orna 
ment were added. The beauty of fine 
china has been recognized by every 
civilization, while the availability, ease 
of manufacture and durability of other 
ceramics have given them wide use. 


Your telephone, too, uses ceramics. 
Behind its dial is a metal plate, glazed 
as carefully and in much the same 
manner as this fine piece of pottery 
It carries the letters and numbers you 
dial, so it must resist both fading and 
abrasion. You will find other ceramics 
as insulators, supporting wires on pole 
lines; in eighty thousand miles of 
underground conduit, where fired clays 
defy decay and corrosion 


Today at Bell Telephone Laborato- 
ries scientists utilize ceramics in ways 
undreamed of in ancient times, Therm- 
istors, made of a ceramic, provide auto 
matic controls for electric current, to 
offset fluctuations in temperature and 
voltage. One kind of ceramic makes 
low-loss insulation at high frequen 
cies, while another supplies controlled 
attenuation for microwaves traveling 
in waveguides, 


ach use demands a special compo 
sition, scientifically controlled and 
processed, Basic studies in the chem 
istry and physies of ceramics have 
shown how to utilize their versatile 
properties in’ electrical communica 
tion. And research continues on 
ceramic materials as well as on every 
other material which promises better 
and cheaper telephone service. 


EXPLORING AND INVENTING. DEVISING AND 
PERFECTING FOR CONTINUED IMPROVEMENTS 
AND ECONOMIES IN TELEPHONE SERVICE 


‘ 
| 


Cut Weight, Eliminate Heat Treatment, 
Improve Properties — with TENZALOY 


Casting ten parts of the Beareat electric hoist (above) in 
PENZALOY enabled the manufacturer, The Harrington 
Company, Philadelphia, to: 


1. Produce the article without heat treatment, thus 
saving an added expense. 
2. Reduce castings weight from an average of about 60 Ibs. (orizinal ferrous 
metal design) to 20 Ibs. thus improving portability. 
3. Cut machining and handling costs. 


Improv © appearance and corro-ion properties, thus inereasing sales appeal. 


5. Virtually eliminate rejects. 


The Fisher Casting ¢ company, North Plainfield, N.J.. which east the components 
shown above, is a longtime user of TENZALOY. Its competent staff knows well 
this aluminum-magnesium-zine alloy which Federated deve loped to give high 
strength without heat treatment. Therefore, when they recommended TENZALOY, 
and worked with Harrington and Federated engineers on the 


project, they were certain of its eventual success. 


Phis happy and profitable experience can be yours, too. Write 


Federated’s Dept. CW for technical pamphlet on TENZALOY. 


METALS DIVISION 


AMERICAN SMELTING AND REFINING COMPANY, 120 BROADWAY, NEW YORK 5, N.Y. 
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